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didn't«!* 1 Introduction
Oil is running out. It will not be Ion*" 
before this, one of our cost orecious assets, 
will pass its sunuly neak and will start to 
decline in available volume.
It has cowered the greatest technological 
revolution in history; it is the life-blood 
of the manufacturing and transport industries, 
and factors other than short-term commercial 
interests should decide how remaining supolies 
are used.
In 1973, OPEC countries took action to 
conserve oil to ensure that future generations 
are not left without, and this action will be 
increased by both producers and consumers 
during this next decade.
i full study1 of the problem of reducing 
petrol consumption shows that it is in the 
transnort sector, in narticular road transport, 
(where 79^ of the petrol is used), that the 
largest petrol saving will be made.
The goal of reducing the amount of 
netroleum demand in road trensnortation. can
1
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he achieved by transferrin? some of the 
demand to more plentiful energy sources such 
as coa1 or nuclear sources. Dlectric 
vehicles can satisfy this requirement 
because all their energy needs may be 
obtained from central electricity rower 
stations which may use these alternative 
fuels. however, the energy advantage of 
electric cars is obtained at the expense of 
several performance characteristics. Range 
acceleration, hill climbing ability and 
usually maximum sreeds are reduced compared 
with those obtained by conventionally 
covered vehicles.
A hybrid vehicle which uses two sources 
of energy has the potential of reducing 
petroleum dependence to a lesser degree than 
an electric vehicle but its performance is 
more like the conventional vehicle than that 
of the poorer nerforming electric vehicle. 
Furthermore, the hybrid vehicle can still 
ooerate as an all-electric vehicle, but at 
lower -performance levels. TTntil recently, 
hybrid vehicles were designed to reduce 
erlsslone. rnty>pr thav- to minimise netroleton
Tntroducti on C h a r t e r  1
consumption. However, the present interest 
in hybrids is because of the reduction in 
on-board petroleum consumption. Therefore, 
nowadays hybrid vehicles have been designed 
to serve as transitions between conventional 
and the all-electric vehicle. Thus, 
manufacturers of certain hybrid vehicles 
will allow a gradual change-over in 
manufacturing processes. As progress is 
made, these hybrids will be built with smaller 
and smaller engines and will use batteries of 
gradually increasing capacity. Hence, the 
hybrid vehicle is essentially an all-electric 
vehicle loaded with an ideal battery system 
which, in this case, is represented by the 
on-board engine generator set. Therefore, 
the engine generator is a temporary solution 
until the promised breakthrough in traction- 
battery design occurs.
The impression thus gained, is that the 
only current problem is the development of 
a high performance traction-battery. This 
i3 inaccurate because the existing electric 
end hybrid vehicle consists of limited
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production vehicles, varions experimental 
vehicles and conversions of conventional 
vehicles. The component ouantities 
renuired have not been sufficient to 
iustify extensive development by manufacturing 
industry. Consequently, designers have had 
to adant and modify equipment that was 
originally not designed for electric and 
hybrid vehicle anplications. This is
particularly true for nronulsion systems, whil<= 
electric motors having sufficient cower for 
electric and hybrid vehicles were designed 
for industrial applications for which weight, 
size, and part-load efficiency are not 
critical factors, and for which considerations 
such as long-life are more important than 
initial cost. As a result, available 
traction motors ar° expensive, inefficient 
at low rower levels, their power density is 
not optimised, and transmissions are designed 
around the operating parameters of petrol 
powered engines. The result is that 
propulsion systems found in existing electric 
and hybrid vehicles are characterised by 
performance below theoretical expectations.
4
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The need is thus demonstrated when considering 
the design of any new electric and hybrid 
vehicles of not being restrained by having to 
use existing I.C.3. vehicle components.
However, it is economically much more viable 
to take as the basis for an electric vehicle 
some I.C.E. vehicle for which mass production 
capabilities are already available.
This conflict of requirements is overcome
2,3at Warwick University, by developing a disc 
motor and transmission that is efficient and 
will also fit into an existing I.C.H. vehicle 
chassis with the minimum modification.
4,5Development of the axial-field, permanent 
magnet, DC disc motor has demonstrated sig­
nificant improvements over conventional 
machines in terms of efficiency and power 
density, giving the machine good potential 
for application in electric and hybrid vehicles. 
Furthermore, the short axial length and high 
power/volume ratio of the machine facilitates 
the design of compact traction systems.
The essential difference between the DC 
disc motor and Its conventional counterpart
=;
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lies in the disposition of the active con­
ductors and the working magnetic flux: in the 
disc motor the magnetic flux is parallel to 
the shaft and the active conductors are per­
pendicular to it. This configuration lends 
itself well to high pole number designs, and 
the heavy steel yoke of conventional machines 
is replaced by thin-aection steel flux return 
rings and a light alloy frame.. Using permanent 
magnets it is practicable to employ a coreless 
armature construction which further promotes 
weight saving and means that no iron is 
subject to varying magnetic flux. The absence 
of iron losses and elimination of the require­
ment for excitation power are both helpful in 
the quest for high efficiency.
A twin armature disc motor with differen­
tial action has been developed for the drive 
of an experimental hybrid snorts car. This 
machine comprises a common magnetic circuit 
which houses two disc armatures, each 
armature mechani cally driving an independent 
output shaft which t~'>nsraits power to a road 
wheel through belt-reduction gearing, thereby
£
Introduction Charter 1
eliminating the need for a mechanical 
differential gear. The twin armature motor 
and belt reduction pears have been carefully 
designed to fit within the limited span 
between the two road wheels in the space 
usually occupied by the differential rear 
axle drive.
Figure 1.1 shows a disc motor employing 
magnets of the alnico type (Hycomax III). 
Specifying Hycomax III allows for a moderately 
big 1^ air-gap flux density which leads to very 
hiph motor efficiency. Unfortunately the 
cost of alnico material has increased quite 
dramatically durinp the course of the project 
owing to a large increase in the world price 
of cobalt, and it is considered that building 
a traction motor using magnet material of 
this tyne will not become widespread in such 
an arrlication.
In contrast, the cost of ferrite materials 
is low enough to make its use viable in spite 
of its low remanence and energy density. For 
this reason, a machine using ferrite magnets,
as shown in Figure 1•9 has been developed. 
Significant savings in weight and cost result
7
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Introduction Chapter 1
from adopting- the twin-rotor arrangement rather 
than two separate motors. The vehicle also 
employs a disc-armature generator having many 
parts which are common to the motor, as shown 
in Figure 1 -3 .
The development of criteria for the 
selection of all machine parameters has made 
it beneficial to reappraise the design methods 
available and hi ghlight aspects of design and 
performance peculiar to this type of machine.
The principles of the machine have been 
studied at great length and comparable 
attention needs to be paid to the magnet 
behaviour of the machine especially when 
applied to electric traction. There have 
been no reliable methods of determining the 
losses involved and their relationship to 
the performance of the machine. This is an 
aspect which required extensive investigation. 
Although illustrated here for this novel 
topology for application as a traction motor, 
the procedures and criteria described could 
eoually be applied to the design of motors for
10
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The axial field DC machine is one of the 
first machines devised to convert electrical 
power into mechanical power. Its origin can he 
traced to disc-type machines conceived and 
tested by Michael Faraday, the experimenter who 
formulated the fundamental concepts of electro­
magnetism. The machine was a copper disc 
rotated by a spindle in an axially direc+ed 
permanent-magnetic field, with sliding contacts 
(brushes) at the edge and centre of the disc, 
for introducing and/or picking off electrical 
power as shown in Figure 2.1. Faraday's 
primitive design was quickly improved, and the 
multipolar version, in which a winding is rotated 
in the magnetic field of successive N-S pole-pair, 
soon followed.
In recent years, the use of DC machines has 
become almost exclusively associated with applic­
ations where the unique characteristics of the DC 
motor (e.g. high starting torque for traction 
motor application) justify its cost, or where 
portable equipment must be run from a DC (or 
battery) rower supply.
14

The ease with which the DC motor lends 
itself to speed control has been recognised. 
Compatibility with the new thyristor (SCR) and 
transistor amplifiers, plus better performance 
due to the availability of new improved 
materials in magnets, brushes and epoxies, has 
also revitalised interest in DC machines. The 
need for new high-performance motors with highly 
sophisticated capabilities has produced a super­
abundance of new shapes and sizes quite unlike 
DC machines of a decade ago.
Most industrial motors have multipolar 
field systems and a cylindrical shape. There are, 
however, several other possible forms such as the 
disc, the linear and the tubular. Further, the 
homopolar field arrangement (the type of machine 
built by Faraday) has been developed to provide 
large current at low voltage for electro-chemical 
processes. The homopolar shape lends itself to 
the use of superconducting field windings, by means 
of which very high working flux densities can be 
achieved. But whatever the topology of the 
machine, and be it homo- or multi-polar, the 1
1 *
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essential requirement is that a current flows in 
a direction at right-angles to that of the flux of 
a permanent or electromagnet in such a way as to 
utilise most effectively the mechanical force 
developed hy flux—current interaction. The 
relation between the cylindrical, disc and linear 
forms is brought out in Figure 2.2 in terms of 
the conversion region, i.e. the gap between the 
fixed and moving members. If the cylindrical 
gap region (a), shown with its d- and q- axes 
and armature current directions, has its front 
radius contracted and its rear radius expanded, 
it becomes the disc form (b); and if, instead, 
it is cut axially and ’unrolled' the result is 
the flat linear form (c); and finally if (c) is 
're-rolled* into a tube, the linear tube shape 
(d) is obtained.
T'rirciT)!! es of th° Machine Chapter ?
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 ^ ? Im prov in g  E f f i c i e n c y  and Perform ance
In DC motors, power is wasted due to losses 
associated with the iron core. In conventional 
designs, these losses are reduced by laminating 
the rotor core, thus elimination of these losses 
must serve to increase the motor efficiency. 
Furthermore, for traction applications, operation 
at hi$i efficiency over a wide load range is 
necessary with high power/weight ratio. Meeting 
these requirements has been accomplished by a 
variety of designs. Maximising the developed 
torque and power of the conventional DC machine 
by use of the new magnetic material has been one 
method of approach, whilst other types reflect 
more fundamental changes. Amongst these latter 
types are those having an iron-less rotor con­
struction. Elimination of all iron losses in 
this type of motor is accomplished by combining 
all of the iron structure with the permanent 
magnet assembly, so that the flux return circuit 
is stationary on the remote side from the magnets, 
and inserting the core-less armature conductors 
into the air-gap.
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The iron—less (or moving coil) structure 
design of the present era has followed two 
general paths: the flat disc armature and the 
hollow ("shell" or "cup") armature. The two 
structures are shown in Figures 2.4 and 2.3.
Both units have a multitude of conductors which 
move in a magnetic field. The armature struc­
ture is supported mainly by non-magnetic 
materials and the active conductors are therefore 
moving in an air-gap with a high magnetic flux 
density.
The shell-type armature (Figure ?-3) consists 
of a cylindrical, hollow rotor which is fabricated 
to form a rigid shell structure by bonding copper 
or aluminium coils or skeins by the use of polymer 
resins and fibreglass and other structural members. 
This method offers considerable flexibility in 
design since the manufacturer can offer a variety 
of wire sizes, turns per coil, and diameter and 
length options.
Due to the unique construction of shell (cup) 
armature motors which is fixed at one end to the 
shaft by a plastic disc which also carries the
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cylindrical commutator, and since plastic parts 
deflect under torque, the instant velocities of 
various parts are different, which results in
angular vibrations which may cause problems to
«. 7the user. This phenomenon has the effect of 
limiting the size of this type of motor to under 
one horsepower. It is found that the cylindrical 
shell construction of the armature has low 
mechanical stability, and this limits the overload 
capability considerably. It is considered that 
it may not sustain the environmental conditions 
particularly shock and vibration required in 
road traction especially if subjected to any 
emergency overload.
This conflict of requirements is overcome 
by developing a new motor. This new motor is 
an axial field DC machine, with a permanent 
magnet field system. The disc armature motor 
differs from other axial field machines primarily 
in respect of its rotor's construction. The 
active conductors lie radially, and the wire- 
wound coils are arranged in various ways to give 
a convenient number of layers. This is
23
traditionally any even number.
The coils sind commutator are given 
mechanical, rigidity by encapsulating in epoxy 
resin (Figure 5.15) or wranring with heat-curing 
glass-fibre tapes and dipped in varnish to give 
a "skeleton" construction, but since no iron is 
included in the rotor, an air-gap length of a 
few millimeters results. This, however, is 
easily overcome by using permanent magnets of 
relatively high coereivity.
There are many advantages that result from 
this particular motor design, and most sire found 
to be desirable in the electric vehicle application. 
There being no iron in the armature, there will 
consequently be no core losses. Bearing losses 
also are very small since there is no thrust 
force. The efficiency of the disc-armature 
motor can therefore be very high, dependent upon 
the copper losses of the armature winding, and 
hence upon the motor's designed operating voltage 
and speed.
Princinles of the T’achine C h a p t e r  ?
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The topology of the disc-armature motor 
shown in Pig- 2.4 is similar to that of the 
printed circuit machine shown in Figure 2.5 
However, in the development of this new machine, 
modelling of the magnet system has produced a 
design that gives a much improved flux per pole, 
using poles shaped as segments of a toroid 
(Figure ?.4> • It is especially important to use 
an accurate model of the permanent magnet materials 
to achieve optimum performance of this type of 
machine, due to its unusually large air-gap. It 
is also particularly pertinent to use new designs 
of a machine based upon such a model, since these 
more advanced magnet materials are most often 
directly substituted for older types in conventional 
machines, with the result that their superior 
properties are not fully utilised.
That the disc—armature motor's pole design give;3
increased pole surface area than that used in most 
printed circuit machines is not the soie di^f^reree 
between the two. The more conventional winding 
of the disc armature motor allows it to sustain 
normal traction and overload currents, conditions 
under which printed circuit motors have frequently 
been found to burn out.
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?.3 Calculation of Magnetic Field Distribution
in the Air Gan
More often the designer requires to calculate 
the field and possibly the field gradient produced 
by the magnet at some point outside the magnet or 
in a gap.
In theory magnets were regarded as made up 
of many tiny current loops. The atomic view of 
the origin of magnetism is very important 
theoretically, for understanding the behaviour 
of magnetic materials, but for calculating 
external fields, continuous models usually suffice.
The most realistic model is to suppose that 
each element of volume dv inside the magnet
constitutes a magnetic dipole which has a dipole0
moment Jdv, where J is the average polarisation 
within the element. According to elementary 
magnetostatics, the potential at a point P at 
distance r meters from this dipole, in a direction 
defined by an angle 6, as shown in Figure
= J. cosP.dv 1
4 7T. p Q. r2
?7
P0
/La__//
'0 e-
/-
* ’“/T
d V
Vapnat volume element
?p
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.
Chanter ?
Turns of needle shared so^nolds
Fig. ?.7 : Foie models
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in a e^ain (Figure 2.7.a) the M nole of one dioole 
neutralises the S role of the next, and only one 
tt role and one S role are left at the ends of the 
chain. The same concept arises Just as naturally 
from current loops (Figure 2.7.b). Fach current 
loor is regarded as one turn in a long thin 
solenoid. A long thin solenoid is enuivalent 
to a needle shared magnet with an IT oole at one 
end and an S pole at th° other. Therefore, it 
is auite suitable to treat a magnet. whicv' is 
made in homogeneous materials, as havinr a 
uniform distribution of poles on its end face- 
plan i.e. the surface pole strength, J, has a 
constant value on the magnet's face, and is 
zero on its sides. This is a reasonable 
approximation for the high-coercivity anistropic 
magnet used in disc armature motor applications, 
where the direction of magnetisation is along the 
normal on the magnet face-plan. As stated above, 
the role strength on area dA on a surface whose 
normal makes zero angle to the direction of the 
surface rolarisation. is J dA. Then the 
potential at distance r from such a small element, 
as shown in Figure ?.B is:
V
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in a c^ain (Fieure 2.7.a) the TT role of one dirole 
neutralises the 3 role of the next, and only one 
n role and one S role are left at the ends of the 
chain. The same concept arises just as naturally 
from current loops (Figure 2.7.b) . Fach current 
loon is regarded as one turn in a long thin 
solenoid. A long thin solenoid is eauivalent 
to a needle shared mamet with an F role at one 
end and an S pole at th° other. Therefore, it 
is mite suitable to treat a magnet. whic^ is 
made in homogeneous materials, as having a 
uniform distribution of noles on its end face- 
plan i.e. the surface pole strength, J, has a 
constant value on the magnet’s face, and is 
zero on its sides. This is a reasonable 
approximation for the high-coercivity anistropic 
magnet used in disc armature motor applications, 
where the direction of magnetisation is along the 
normal on the magnet face-plan. As stated above, 
the role strength on area d.A on a surface whose 
normal makes zero angle to the direction of the 
surface rolarisation, is J dA. Then the 
rotential at distance r from such a small element, 
as shown in Figure is:
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and the magnetising force H is given by the 
following differentiation from Equation ?.3
If only the axial direction is considered, 
integration over the whole pole face yields
Where ^ is the angle between the normal at m-’PT.^ t
a-r^ace and "the line joining dA to point P. To obtain 
B in Tesla multiply by fiQ and so eliminate jxQ 
from the denominator.
The armature winding is formed in discrete 
layers, each lying in a radial plane in front of 
the pole's face. If the winding is reduced to
H J_____
ar 4 7T.yo .r? 2.4
HX J. cos $ dA 2.S
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o
indivi dual conductors, and each conductor to 
elements that lie in such a plane at radial and 
angular positions denoted by subscripts i and j,
Complications arise in the pole method, when 
problems with non-uniform magnetisation are met, 
since the poles can no longer be supposed to be 
situated on the surface of the magnet.
The advantage of replacing dipoles with 
poles is that the field due to dipoles obeys an 
inverse cube law, and depends on the angle 
between the direction of the dipole and the line 
joining it to the point at which the field is 
required, while the field due to a pole obeys a 
simple inverse square law and is directed along 
the line joining the pole to the point. So, 
the significance of Equation 7. .6 is that the field
then the air-gap flux density  ^ in the axial 
direction is given by
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in the air-gap can be calculated without 
reference to a potential distribution on the 
pole face. The magnet polarisation J exists 
only on the pole face and is not dependent 
upon radial or angular position. The draw­
back to Equation 2.6 is that the remaining 
integration can only be performed by numerical 
means, and it will only be possible to find a 
discrete field distribution. Modern computers 
have made numerical integration a reasonable 
proposition and the method is probably the most 
promising one for estimating the fields produced 
externally by magnets in which J, has uniform 
and known distribution.
Vi
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? .4 nr Fnuatinns
2.4.1 BMF Equation
The disc aT-ature, Figure 2.9 of effective 
outer and inner diameters d2 and d1 , rotate in 
an average air-gap flux density B at angular 
speed w. Consider an element of armature 
conductor of radius r and radial length dr.
It moves at peripheral speed w.r and its 
motional EMF is:
The conductor EKF between diameters d2 and d1 
therefore:
If Zg are the number of conductors in series 
between the brushes, so that
de = B.w.r.dr 3.7
2 . 8
2-9
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Where a is the number of parallel paths throu^i 
the armature and Z the total number of armature 
conductors. Thus:
Where 3 is the total armature 3MF. Equation 2.10 
is often the most useful for determining the 
3MP generated in a disc armature machine.
However, the flux per cole. 0, may be written 
as:
Where p is the number of poles. Therefore, the 
BMP may be expressed as:
S = 1 E.w.Z.(d| - d?) 8 a ' 2 . 1 0
S* = ^  .IT. 2 . 1 1
4 p
2 . 1 2
2 IT. a
But
w 2 rr.n ?. 1 3
3 e
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Where n is the rotational speed in rev/min. 
Thus:
E = 0. p . n. 7. 
^0 a
2.14
Equation 2.14 is the familiar EfT equation for a 
d.c. machine.
2.4.2 Torque Equation
If the armature conductor carries a current 
of Ic , the interaction force on the element dr 
of the conductor is:
dP = B.IQ .dr 2.15
Developing a torque
dT = B.T .r.drc c 2.16
Where T^ is the torque due to a single armature 
conductor. Equation 2.16 integrates between the limits
d^ and d^  to give:
Tc =i (dl - AV  * Tc 2.17
3Q
y- r j ■ nl o 3 oi* ■+;Vio T"i?o h in o V  -p ru -v* O
T
T>veT.of 7^-o ^duoti on "5.17 becomes:
2.19
ind tbe total armature torque, T is:
T = — ( d£ - d2) 3.I.Z 2.20P d ' a
2.4.3 rower Pcuation
It can be shown easily that the converted 
power of the electric motor (including disc 
motor), P, is:
P = T.w 2.21
Substituting for T from Bouation 2.20
AO
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P = - (di; - d?' ^.-.S.-r 2.?2P £ a
Tot ! he the sued fi c ei ectri e loading. i.e. c
q^Tipre-cnninoto1” divided hy motels of ornature 
wind: np- at radius d^  , therefore:
2
Ac
V 7'
7T.d 1
T .5
a .7y. d ^ 2.23
Substitute for T air^  w in Fouation 2.22 from 
Fouation 2.25 and 2.13 thus:
J ^ . A  .n.(d| - d?) d.r = H -----2----- 1---- !--- 1 2.24
240
2.4.4 Relationship Between d? and d1 for 
Maximum T’ower
From Fouation 2.24 nower can he written as 
P = k(d| - d^) d1 2.25
,rhere k is a constant For maximum power:
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And this is zero only when:
4 = 3 d* 2.27
and = - 2 2.28
Substituting in Equation 2.24:
1 6 0 0
Thus the power output available from disc 
armature motors is aporoximately proportional 
to the cube of the outer active diameter.
42
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^ Design Fundamentals of Permanent Magnet
In this section the basic concepts of 
permanent magnet design along with some specific 
information on their applicability to axial 
field machine configuration are set forth.
The designer of magnetic circuits should 
normally aim to produce the required flux in the 
air-gap at minimum cost. Since permanent 
magnet material is much more expensive than the 
type of soft iron or mild steel used in 
permanent magnet assemblies, minimising the cost 
is often equal to minimising the volume of 
permanent magnet used.
Fig. 2 .10 shows part of a typical magnetic 
circuit (for a disc armature motor). It consists 
of two permanent magnet halves with total length 
lm, two mild steel return rings and a relatively 
large air-gap, lg, which accommodates the total 
armature thickness with suitable running 
clearances between it and the pole faces. 
Correspondingly the mmf supplied by the permanent
Fig. 2.10 : Magnetic circuit of disc armature motor
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magnet is equal to that exoended across the 
air-gao, i.e. the total magnetomotive force 
in the circuit enual to zero. This theory 
is true only when using a correction factor,
LF, the loss factor, which accounts for the 
mmf lost in the reluctance of any joints or 
in any steel parts of the circuit that cannot 
be regarded as having infinite permeability, 
therefore:
Hm.Lm = LF.Hg.lg 2.30
Where Hm and Hg are the magnet and air-gap 
magnetising force. The value of the loss 
factor, generally varies from 1 . 2  to 1.3 
and it requires some experience to estimate.
On the other hand, the flux in the permanent 
magnet material is equal to the sum of the 
flux in the gap and the leakage flux, which is 
wasted because it returns by some path other 
than through the gap. Consequently, the per­
manent magnet flux density, Bm, is greater 
than the air-gap flux density, Bg. This 
leakage is usually accounted for by introducing
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a leakage coefficient. LC such that:
Bg = Bm 2.^1
LC
The leakage coefficient, LC, is generally 
rather difficult to evaluate. The specific 
case for disc armature motors is covered in 
Section 3.4. Now, since by definition:
Hg = 2.32
^o
Therefore, from Equation 2.31 and 2.32, air-gap 
magnetisation becomes:
Hg = 2*^3
LC ^ o
By substituting for Hg from Equation 2.33 in 
Eouation 2.30. lm becomes as:
LF.Bm.lglm = -------------------- 2.34
LC. jiq. Hm
4^
Eouation 2.34 comnletes the calculation of 
magnet length. This concludes the first part 
of the design problem.
In «baling with nermanent magnet design, 
interest is centred only on the demagnetising 
curve. Fig. 2.11 shows the demagnetision 
curve of a permanent magnet material having 
previously been fully magnetised. On the 
right hand side of Fig. 2.11 a product of Bm 
Hm has been plotted against the value of B. 
There is one particular working point on the 
demagnetisation curve for which the product 
BH is a maximum. This maximum is referred 
to as (BH) maximum and is a useful character­
istic of the material. It has the dimensions
_*3tof energy per unit volume (Jm J) and is 
generally called the maximum energy product.
If the values of Bm and Hm corresponding to 
the (BH) maximum are used in determining lm, 
the design will also be for minimum magnet 
volume.
Now, if the term Bm of Equation 2.34 is 
Kin
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algebraically expressed as a function of lm 
and lg with a constant of proportionality 
LC jxQ, then Equation 2.34 becomes as:
LF
_ ££ ^ o.—  2 . 3 5
Hm IF lg
For the specific design of DC disc motors
LC approaching to unity, then Equation 2.35 can be
LF
written:
M  = P 0 2 “ 2.36
Hm lg
This equation shows how to design a magnet with 
the correct length so that it will work at the 
optimum (BH) maximum point, which is given by the 
intersection P of a line OA of slope defined by 
Equation 2.36 and the demagnetising curve in Fig. 2.13. 
Incidentally, given the demagnetisation curve, 
the (BH) maximum point can be quickly approximated 
by drawing lines parallel to the axes through the
■PiR. 2.11 : Demafmetization and BH versus B curves
/
49
^rincinles of T'achine
Br and He points to intersect at A forming 
a rectangle A Br 0 He. The diagonal OA of 
this rectangle is approximately the unit 
permeance line given by Bouation P.36. This 
construction is not nuite accurate but gives 
a very good approximation to (BH) maximum.
In a practical design, there may well be 
other factors as well as minimum magnet 
volume to be taken into consideration as 
discussed in Chapter A , It must 
be stressed that this discussion relates to 
a magnet assembly that is magnetised to 
saturation after assembly and is not subjected 
to permeance changes or to substantial current 
m.m.fs under working conditions.
It will be noted that the factors which 
determine the load line slope are geometrical 
and are dependent on the size and disposition 
of the magnetic circuit but are independent of 
the demagnetisation curve, thus working values 
of Bm and Hm for another magnet material with the 
same dimensions and disposition would be given
50
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by the intercept of the same load line with 
the new demagnetisation curve. 'Che application 
of this single load line to the whole volume of 
permanent magnet material is usually a reasonable 
approximation with magnets of modern material 
with uniform cross-section and flux-Path length.
From the above discussion, it is evident that 
the minimum volume of magnet material to fulfil a 
motor specification is obtained by a design in which 
the magnet working points are at a point on the 
demagnetisation curve for (BE^ . But, as 
mentioned earlier, the desirable working point is 
likely to be higher than Bm for (BH)max due to 
secondary considerations, e.g. with ferrite magnets, 
protect'on against sub-zero temperature changes and 
dif^-'culty in producing and utilizing optimum 
dimensions.
Chanter 3 Machine Design
3.1 Design Procedure
In order to design a d.c. axial-field 
permanent magnet motor, one needs to know the 
output power reauired. the operating voltage, 
the speed specification and the choice of magnet 
material. Having specified these, a suitable 
starting point for the design procedure would 
be to consider the diameter of the machine.
It has been shown in Chapter 2 that the 
total mechanical power from a disc armature 
motor is proportional to the cube of the 
diamater and the equation expressing this 
relationship is:
El = 1.58 x 10" 2 n.d^.B.A 3.1c c
Where B and Ac are the specific magnetic and 
electric loadings respectively, d2 is the outer 
active diameter to be calculated. E and I are 
the armature e.m.f. and current, and n is the 
motor speed in rev./min.
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This eauation is used in the calculation of 
the most annropriate diameter. It would, however, 
be more convenient to express B, the magnetic 
loading, in terms of the flux density of the magnet 
rather than that in the air gap. This may be 
achieved by incorporating the leakage coefficient. 
LC, and the ratio of pole arc to pole pitch. 
Therefore the depletion of Bffl in a magnet to B in 
the air gap is considered to occur in two stages. 
Leakage flux from a magnet's sides gives flux 
density Bg in the gap adjacent to the pole face, 
which then spreads across the gap over a pole 
pitch to B thus:
LC
Where Bffi is the magnet's flux density. Accordingly 
equation 3 . 1 is now written:
1 .583 x 10- ?  n .  .B .A „ .d5  3 .3
TB = --------------------— ~— -
LC
With A defined at diameter d. as; c 1
Ac _ __Ltl_ 3.4
7r• & • d ^
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Where a is the number of parallel paths and Z 
is the number of active conductors.
As the conductors are more tightly grouped 
towards the inner active radius and as end windings 
exist at a radius less than d., a space factor,
2
SF, is defined to ensure that it will be possible 
to accommodate the end windings. SF is kept 
aoproximately constant and less than "1 " for all 
disc armature motors and it is defined as:
SF 3.5
Where G is the gauge of wire in nm used and L 
the nunber of layers in the armature winding.
Substituting for Z of Equation 3.4 from 
Equation 3-5. AQ becomes:
Ac = SF.I. jj
a.G
3.fi
Ignoring for the moment mechanical losses, IE 
may be taken as eaual to P, then the outer
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diameter d 2 is given by rearranging Equation 3 . 1  
as:
P. a.G.LC__________________
1.583 x 1Cf2 .n.^.Bm.SF.I.L
J 3.7
The values of LC, and SF remain approximately 
constant from machine to machine. Suitable 
values are assigned, and L is initially taken 
as 2 to simplify the armature construction.
This leaves only the number of parallel paths, 
gauge of wire, magnet flux density and armature 
current to be determined for the evaluation of 
d2. Until recently, the magnet operating flux 
density was chosen at its maximum energy density. 
A new approach to specify the working point for 
the magnet is used here. This will favour a 
point higher than BH max due to consideration 
of protecting the magnet against sub-zero 
temperature change and obtaining greater output.
The steps to specify the magnet working 
point according to this new approach are as 
follows: The initial step is to choose the
BH max point on the BH curve of the magnet under
Machine Desien Chapter 3
consideration with the condition that the curve 
is obtained under the lowest expected temoerature 
to which the magnet (motor) will be subjected 
through its service time. If it haooens that 
the noint is on the non-linear part of the 
curve, then the va’ue of B is increased by moving 
it further up on the curve until a value on the 
linear part is reached. This is necessary to 
ensure reversible losses due to changes in 
temperature. (The theory behind this will be 
explained in more detail in the next chapter.)
The next step is to draw a line between this 
point and the origin. This line represents the 
magnet load line for the motor magnet. Obviously, 
this line cuts all demagnetization curves which 
are drawn under different higher temperatures.
Two of these curves are the BH curve at room 
temperature (usually supplied by magnet manufac­
turers) and the BH curve at working temperatures 
(the temperature where the motor runs continuously 
at its rated power and current).
Pig. 3.1 shows three demagnetizing curves
5 *
Bm
B._
ax
T if f.  3.1 Demairnetisation curves under different temperatures
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for a magnet which are obtained under the
lowest temperature, room temperature and
working temperature, where B . B and Bs m w
are the flux densities which are apnointed 
by the load line respectively. Here we 
start to use Bw instead of Bm in Equation 3.1 
to calculate machine diaiheter and speed.
On the other hand, B^ will be used later to 
calculate the magnet length, lm , and weight.
Although higher flux densities are guaranteed 
by this method which wo Id reduce Ac, this 
would be at the expense of magnet weight.
While this represents a departure from the
BH max ideal, it allows designs to be determined
accurately.
To minimize the design dependence on the
demagnetization curve, B is derived from B .w m
This is possible because the usual working temperature 
of the magnet in disc armature motors are within 
the linear temperature range i.e. when magnets 
are heated or cooled, there is an increase or 
decrease in magnetization which is recoverable when 
the magnet returns to its original temperature.
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This change is found by multiplying the 
temperature coefficient by the change in 
temperature from its room value, so that the 
general equation becomes:
B B,m 5.8
where g»t = t0 - t2 room
TC here is the average value for the reversible 
temperature coefficient, is the magnet final 
temperature and B^ .^  is the flux density at t^ 
temperature. When Equation 3.9 used to calculate the 
specific flux density Bw it becomes
As the terminal voltage. V. is known, E is 
initially taken as a fraction of this. Therefore 
the current may be determined from the relation­
ship:
P = El 3 .1 0
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The number of parallel paths, gauge of 
wire, armature current and current density 
(current per unit area of armature conductor) 
are related by the equation:
I = a.C.rr.G2 3.11
4
2Where C is the current density in A/mm , as 
G is specified in mm, C is given a value which 
ensures that the temperature of the armature 
at continuous running with rated current 
condition, is compatible with the heat 
deflection temperature of the epoxy resin 
system employed for encapsulating the winding. 
This leaves the wire gauge and number of 
parallel paths to be determined. Initial 
design assigns 'a* the lowest possible value 
( 2 for a double-layer wave winding), the 
corresponding ideal value of G is hence 
calculated, „nd the standard wire gauge above 
this value is selected. The value of d2 may now 
be calculated.
Equation 3.7 shows that d2 is proportional
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to the number of parallel paths 'a', the wire
gauge G, and the inverse of layers number _1_.
L
Hence, one can increase or decrease d2 hy 
suitable modification to a, G and 1 until 
desired values are reached. This is useful in 
cases where restriction on the overall diameter 
D0 is specified. The difference between D0 
and d2 which is occupied by the casing, its 
clearance with the rotor, and the end-winding, 
is estimated initially as 20^ of D0 , i.e., d2 
is equal to 0.8 D0. This restricted diameter 
can be produced by adjusting the calculated 
diameter as stated above.
Having established d2, Equation2.29 may be 
used to find d, and thus the two principal 
dimensions of the machine are known. Before 
any further step into design procedures, a 
comparison between the wire gauge G and the 
calculated diameter d2 is necessary, to check 
that there is no appreciable mismatch of the 
actual physical sizes. Equation 3.11 shows 
that for a given armature current the value
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of G can be reduced by increasing the value of 
a. This may be done by choosing other armature 
connection patterns, e.g. a duplex wave winding 
which has 4 parallel paths, or simple lap winding 
which has parallel paths equal to the number of 
poles. The number of parallel paths in the latter 
can be doubled by using duplex lap. Theoretically 
this is possible, but in practice, the duplex 
winding (wave or lap) is undesirable because of 
the high circulating current due to the high 
number of short circuited coils under commutation. 
This problem is solved by connecting two simple 
windings (wave or lap) to the commutator in 
parallel (see Chapter 5 ). This makes the number 
of parallel paths twice that in the simple winding 
which has the effect of reducing the wire gauge, 
but on the other hand, it increases the number of 
layers.
The next step is to select an initial number 
of poles. Specifying this in early design 
procedures was empirical and based on a compromise 
and allowed to increase with the diameter of the 
machine. Experience shows that if the number of 
poles is too small, the flux return rings become
*2
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heavy and the end-windings of the armature become 
bully. If the number of poles is too large, the 
number of armature coils and the number of commutator 
segments become very high; the brushes become thin 
in section and the distance between brushes of 
opposite polarity become very small. However, 
the actual value is not critical as this number 
will be verified through calculations incorporating 
the machine parameters at a later design stage 
(see Section 3-4). Eight or ten poles may be 
taken as a preliminary number.
The next step is to select the minimum number 
of coils per pole per layer, which ensures that a 
feasible winding arrangement will result. This also 
should be not less them five, to ensure that 
commutation power losses are not significant. Prom 
this the minimum number of coils is calculated 
taking into account the type of winding tinder con­
sideration (w«ve, lap, etc) . An ideal number of 
conductors, 2 .^, for the machine may be calculated
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When 0 is calculated from Bm< d2. d^,o< and p. 
This ideal value, may be expressed as:
With d2 expressed in mm. Generally this will 
be a non-integral value and it is used with the 
number of coils, to find the number of turns per 
coil which will yield the number of armature 
conductors nearest to , by taking the integral 
ratio of the relationship
Tums/coil = 2i_____  + 0.5 3.14
There are a number of design criteria that 
are now commonly employed in axial-field machines. 
It assumes a drum commutator is used, with a brush 
diameter of 0 . 6  d^  , so that the
To ensure that the brush width is at least greater 
than the segment width, we state that the
3.13
2 x coils
0 . 6  ir. dsegment width = 3.15segments
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brush width = 1 . 5  segment width 3 .1 *
2With a typical current density of 120mA/mm , and 
a full set of brushes, brush length will be:
brush length = 1 x 1 0 _^__________  3.17
9p x segment width
Following normal practice, it is possible to 
accommodate the brushgear without it protruding 
beyond the normal casing dimensions, then a face 
commutator is selected. This usually occurs 
only in machines with the longer, low coercivity 
magnetic materials e.g. alnico.
*5
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3-? Design Check
The best way to check the design specifica­
tion against the original specification is by 
accurate prediction of the rated power, speed, 
torque and efficiency. In order to carry out 
such a performance prediction, the losses within 
the machine must be taken into account.
With an iron free armature core losses 
are eliminated. Armature reaction effects can 
be considered negligible in machines of this 
type which leave only the copper losses, brush 
voltage drop loss and mechanical loss to be
estimated. The copper losses are taken as the
2I R due to armature resistance and the eddy
current loss of the copper conductor, We, to
2calculate I R, the armature resistance, R has ’ a
to be calculated first. The layout of a 
typical winding with full-pitch coils is shown 
in Figure 3.2. In order to derive the armature 
resistance, it may be assumed that the end- 
windings lie approximately at diameter D2 and 
D1 so that one turn has the length:
*6
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(D2 - D1) + - (D2 + D1 ) 
P
To this 25# is added as an allowance for the 
unequal length of the coil sides and end-windings, 
and also includes a suitable length of conductor 
for connection to the commutator.
If at normal operating temperature, the
resistivity of the copper winding is taken as
2and the round conductor has an area n-G . with Z
conductors in the winding, and 'a' parallel paths, 
the armature resistance is found to be:
According to B.S. 1727 and using Equation 2.28, 
Equation 3.18 becomes:
4
R'a 2 Pot.Z x 1 .25 (d2 - d, ) + 2T (d2 + d1 )P
3.18
R 2 x 2  x 10-8 Z 1.25 d1 (0.422 + 4.Q55)a
P
3.19
Using Equation 3.19 I2R may easily be evaluated.
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The next step is to calculate the eddy- 
current loss in the copper conductor. It is 
obvious that the armature winding is rotating 
in the main magnetic field of the stator, and 
will be subject to a loss due to eddy current. 
This loss can be limited by subdividing the con­
ductors and transposing the strands. It can be 
shown that the eddy-current loss (Chapter 5) 
i3 taken as:
Where Wg is the eddy-current loss in the armature 
copper conductors, if n, is the rotational speed 
in rev/min, Dg and G in mm, Wg will be in watts.
To find brush voltage drop loss, a constant 
voltage drop per brush pair may be assumed. This 
is then multiplied by the armature current to give 
the associated power loss.
Next the mechanical losses in the machine 
have to be determined. In earlier days, the
We n
2
3 .2 0
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designer made an estimate of these losses based 
on experience. For more general design 
procedure, an alternative approach has been 
developed which enables a reasonable assessment 
of mechanical losses to be made. The new 
assessment does not reauire a detailed specif­
ication of the mechanical layout of the machine. 
In fact, it is independent of the machine layout.
Experience gained in the operation of 
earlier machines has been U3ed to advantage in 
the creation of such an assessment which makes 
it possible to develop an empirical equation to 
predict the mechanical losses. This analysis 
made use of results from the light run test of 
the prototypes that have already been built and 
tested. These results relate to conditions of 
varying speed and applied voltage where the 
motor does not drive any additional mechanical 
load. The input power is calculated from the 
product of current and voltage. From this
pproduct, is subtracted the I R loss and the 
brush voltage drop loss with the remaining 
power taken as the mechanical loss for the
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particular machine at this operating speed. It 
is assumed that brush friction, windage and 
bearing friction are the only mechanical losses 
to be considered. These are assumed to depend
I and rotating speed n. The dépendance of the 
mechanical loss on these variables are evaluated 
to yield the final expression for mechanical 
losses in a disc armature motor.
Where W is the total mechanical loss, D is the m 2
outer active diameter in mm, I the rated current
in Amps, and n the rotational speed in rev/min,
W will then be expressed in watts. The formula m
may be used to predict the performance of any 
disc armature motor. Reference 10 illustrates 
the derivations of this formula and its accuracy.
Having determined the armature resistance 
and the expected losses in a motor, a new value
on the outer diameter D?, armature rated current
Wm 0496 I
3.21
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for the generated e.ra.f. is calculated from:
E = V - IRa - Vb 3.22
Where is the voltage drop due to the brushes 
and is given a suitable value from manufacturers' 
data. The rated motor speed found directly 
from Equation 3.12 and the rated power output 
of the motor Pr , may now be calculated from:
Pr = EI - Wm - We ^.23
Where W and are the mechanical and eddy m e
current losses in watts respectively.
Finally, the torque and efficiency are 
found from:
Tr 60 P„ ____ r
2 .7T.n
3.24
and 7 = 1 Wm + l2Ra + V 1 * We
V.I
3.25
Where Tr is the rated torque in Njn and  ^ the
efficiency of t^e motor.
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3.3.1 Computer Techniques
The advent of the digital computer not only 
eliminated many long and tedious hand calculations, 
but also made possible optimisation techniques 
which were not previously attempted. It is to 
this type of application, where a set of cal­
culations may be performed many times over, that 
the computer is ideally suited. The design 
parameters of a motor, for example, could be given 
some initial values; from these the expected 
performance is calculated and compared with the 
required performance, and finally the design 
parameters are modified in some way to try and 
improve the agreement between requi red and 
calculated performance. The whole procedure is 
then repeated until the agreement is close enough 
for practical purposes. Methods of this nature 
form the basis of many design programs or design 
"software".
When applied to the design of rotating 
electrical machines, an added advantage is that 
changes in the design parameters (numbers of poles 
or coils, wire gauge, etc) may be made readily,
73
pquickly assessed, and it is possible for a 
program to consider a wide range of these values 
in the search for the optimum design. The 
accuracy of the final design obviously depends 
on the mathematical relations used in the 
computer program.
Once the software is written, the next 
step is to run it in the most convenient way. 
Perhaps the most basic and familiar method was 
to punch out the program on cards, add cards 
containing the necessary data input (power and 
speed required, size limitations, etc.) and then 
allow a computer operator to handle the actual 
run. Information from the program (the required 
design parameters) will normally be printed out 
on the central line-printer and returned to the 
designer for consideration. A faster method 
entailing more user involvement is to write an 
"interactive" computer program and then use a 
remote terminal. Here, the designer types in 
his requirements and the program is executed 
immediately with the results displayed on the 
terminal screen, and also printed out if
Machine >sipn Chanter 3
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required. An important benefit of this 
technique is the facility to alter any of the 
design specifications whilst at the terminal 
and the effect of any changes may be assessed 
a few seconds after it is made. All the soft­
ware described here is of this interactive 
nature.
A further advantage of using the computer
is its ability for graphical representation.
This enables design results to be considered in
a more meaningful form and a wealth of software
1 0, ,has been written (by others'.) and some incor­
porated into the design procedure which will 
give the predicted performance curve.
Graphical output may be seen at the terminal or. 
more usually, as a hard copy from a plotting 
device. Of all the benefits that the digital 
computer can bring to a design process it is 
the time saved that is most apparent. To 
consider two or three design alternatives, even 
with the aid of a calculator, can be a long 
process. The computer program that has been 
used covers some 40 different alternatives in
73
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less than seven seconds of computer time, 
although the hard copy will take slirhtly longer 
to produce. With the introduction of low-cost, 
micro-processor-based desk top computers it has 
become viable for even small companies to have 
such design facilities in-house.
7*
fachiri0 Desirn Chant"’' 3
3.3.2 Software Development
The development of computer programs 
suitable for the design of axial field d.c. 
machines has taken place over a period of years 
with continued refinement and updating of the 
routines.
11The first program was written in 1970 
using the language Algol 60. It enabled the 
designer to specify the majority of the motor 
design parameters as input data with the 
program calculating other design parameters and 
the predicted performance. The input data 
sheet is illustrated in Table 3.1. When 
values are assigned to the listed parameters, 
the program performs the calculations and 
produces the results. Examples of this form 
of output are shown in Table 3.2 which illustrates 
the design parameters of a motor. The operation 
of the program requires the Algol instruction to 
be supplied on punched cards with the actual run 
supervised by a member of the computer unit staff. 
The output from the program generated on the
77
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TYPE 2A DISC-ARMATURE MOTOR DESIGN - DATA SHram-
Design
specification
- - j
Machine design No.
Output power, watts
Voltage, volts
Speed, rev/iLinL _ --
Design
data
Internal diameter, d^  mm
External diameter, mm
No. of poles.
Magnetic
circuit
data
B , Tesla m
H A/Um
Double or single magnets
Leakage coefficient
Loss factor
Po1e-arc/polo-pitch
Airgap; ,um
Magnet density
Max flux density in MS, T
Electric
circuit
data
No. of parallel paths
No. of coils
No. of turns/ooil
Diameter of wire (bare) mm
2Current density, A/mm
Space factor
Armature temperature, °C.
Wt. of non-active parts, kg
Mechanical loss, watts
Performance graphs (T or F)
Table ! Original C.A.D.input data sheet
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lineprinter would be returned after a short time.
As well as the results presented in tabular form, 
there is also the option of graphical represent­
ation on a plotting device. Typical examples of this 
graphical output are given in figure 3.3.
Although this program was of great value, 
it had the obvious limitation that as it was only 
a calculating routine, the majority of design 
parameters had to be specified at the start.
Unique results are calculated from each set of 
inputs. There was no guarantee that the 
predicted performance will match the desired 
specification, or that an optimum design had 
been produced. Several attempts were needed to 
generate a result close enough to the original 
specification.
Thus, it was decided to improve on this by 
introducing the self parameter variations and 
the interactive facilities to allow extensive 
investigation of the effects of parameter change 
on expected performance of the machine, with the 
designer still able to make changes according to 
his experience. Work on improving this resulted
R1
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in two senarate programs each of which represent
1 2one stage of a two-stage design routine. The 
second stage used an extended and modified version 
of the early program and the first stage presents 
alternative designs encompassing a wide variation 
in parameters such as poles, coils, etc. The 
only input needed here is the power, voltage and 
speed required, along with the choice of magnet 
material. All of the resulting designs will 
meet the original specification to within a given 
tolerance. Restrictions may be imposed if 
necessary and as the urogram is fully interactive 
prompts are supplied where appropriate so that 
the operator need have no working knowledge of 
computer programming. Selected parameters are 
varied over a wide range and the results are outnut 
as described earlier.
A simplified flow chart of this stage is 
given in Pig. 3.4 and although the program 
necessarily contains much mathematical manipulation, 
the basic relationships may be summarised as 
follows. With reference to Figure 3.4
R2 = f(n.P,V.Bm)
8*
ST ft RT
Fir. 3.4 : Flowchart of stare one desirn
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Where R? is the outer active radius, n is the 
rotational speed, P the rower output, V the 
operating voltage and Bm the flux density on the 
magnet BH curve.
R, = R2/<3
Where R^ is the inner active radius. This 
relation has been found to give maximum power 
for a given motor diameter (see Chapter 2).
The initial number of poles depends on 
the value of R2, while the wire gauge, number of 
parallel paths, coils and turns per coil are 
chosen according to the power, voltage and speed. 
The air gap is determined from the gauge of wire 
specified with an allowance made for disc thick­
ness and a suitable running clearance. The 
magnet dimensions may now be calculated from the 
number of poles, air gap, R2 and the operating 
point on the BH curve.
The predicted power and speed are then 
calculated and compared with the required values.
np
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If agreement is not close enough, a correction 
factor is applied and the entire procedure 
repeated. When one particular design has been 
finalised, the results are stored and new values 
of poles and/or coils taken. These values 
override those set initially. After all 
variations have been allowed for, a complete 
set of results is output with an indication of the 
optimum design in terms of efficiency and power 
density (power per unit weight). Although this 
summary is extremely condensed, it does represent 
the interactive nature of the process.
The second stage of the design procedure 
may be considered even more briefly. Basically 
data derived from stage one is input, with the 
option of modification to any parameter. The 
performance is calculated and the results output as 
before with the option of graphics. Additional 
modifications may then be made and the process 
repeated. A flow chart is given in Figure 3.5. 
Typical examples of numerical results are shown 
in Tables 5.1 and 6.1. The desiem parameters to 
be input are shown in Table 3.3 which is similar 
in format to '''a.b'1 a 3.1 .
po
U N I V E R S I T Y  OF W A R W I C K| Department of EngineeringI DISC-ARMATURE MOTOR- COMPUTER AIDED DESIGNProject:-Design Paramters 1 2  3i 1 Machine Design Number fi 1
2 - Output Power, Watts — —
i 3 Voltage, volts -- -
4 Speed, r.p.m. _________ 1__________ !
1 5'r External Diameter D2, ran Ì »* »
: 6
—  
Internal Diameter Dl, ran
j 7 Number of Poles
i 8i Bra, Tesla
9 Hm, A/m
10 Airgap, ran .• j
I“ Magnet Density, Kg/m3
! } 1 •
12 Number of Parallel Paths ; j
13 Number of coils i
1 U Number of Turns/Coil !
15 Gauge of Wire, mm
16 --------------------- 2----------Current Density, A/mm !
|Optional Design Paramters 4
\
7^ Leakage Coefficient
18 Loss Factor
19 Pole-Arc/Pole-Pi tch »
1 201 Space Factor 11
! Armature Temp. °C l
! 22 Weight of Non-Active Parts, Kg 1
! 23 Mechanical Loss, Watts : •
1 Actual Power Ì
Actual Speed
Table 3.3 : New input data sheet
OO
START
Fig;. 3.5 : Flowchart of stare two design
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3*4 Optimization of Machine Parameters
The armature winding of an axial-field 
machine has active lengths of conductors that lie 
approximately radially, and end-windings con­
necting these, that 3ie beyond the active air-gap 
region. An actual winding is shown in Figure A>.l| 
prior to encapsulation. The active air-gap is 
defined to exist from diameter d1 to &2 
corresponding to the inner and outer diameters 
bounding the magnets.
One disadvantage of this type of machine is 
that there must always be some wasted space in the 
active part of the armature. If the winding is 
designed to fill as completely as possible the 
armature at d1 , at all greater diameters, there 
will be less than a complete fill, whereas the 
worst utilization of the available volume will be 
at d2 • The extreme cases are as follows: if
d1 ^ d 2, there is very poor utilization of the 
armature volume; if d1 ^  d^, the active conductors 
have very small radial lengths. A relationship 
between d^  and d2 can be found which maximizes the
Machine Design Chapter 3
output power from the armature, which is; 
d2 = (3 d.
Since the end-windings are part of the circuit 
between the terminals, these contribute directly 
to armature resistance and hence I R loss may be 
reduced if these are shortened. The end-windings 
span approximately one pole pitch connecting 
opposite ends of a coil as shown in Pigs. 3.2 and 3.6. 
Increasing the number of poles, p, will reduce 
the pole pitch and the armature resistance.
However, if, p, becomes too large, the required 
number of coils becomes too large, the commutator 
segments get too narrow, and the performance of 
the magnetic circuit may be severely degraded.
The stator that corresponds with the windings 
of Figure 3.2 is shown in Figure 3.6. The arc sub­
tended by each pole is expressed as a ratio of the 
pole pitch, which is theoretically in the range 
0 <oc <1 . For a givens, if p is increased to 
reduce end-winding resistance, the adjacent edges 
of neighbouring magnets become closer and the 
leakage flux between then will increase. The 
leakage coefficient,TC, which is expressed as the
93
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ratio of magnet flux to useful air-gar flux, 
must always be greater than unity. Therefore, 
if p is increased, and we do not wish to enhance 
the leakage, i.e. LC is to be constant, then «< 
must decrease so that the adjacent pole edges do 
not become too close. The total magnet area 
facing the air-gap is consequently reduced, as 
is the air-gap flux for a given magnet operating 
condition.
The leakage coefficient LC is difficult to 
assess. Attempts can be made to estimate leakage 
permeances, for which methods are outlined in many
electrical engineering text books mainly based on
1 3Roters. Note that if is the total Per~
meance, then
Where is the (total) leakage permeance, therefore
3.2*
Where is the permeance of the useful flux paths-.
But, the total permeance, , can be written as
3.27
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LC = 1 + --- 3 .op
Formulae to calculate the (total) leakage 
and the useful permeances have been suggested by 
many writers. Collections of these are given
by Roters (1941) as already mentioned, Sdwards 14 1 9
in Hadfield (1962). Rarker and Studders (1962).
The simplest and most necessary procedures are
those that give the permeance of the gap itself.
For a gap between equal parallel surfaces
opposite each other (Figure 3.7).
This formula holds whether the gap is circular, 
square or any other shape including the shape of 
magnet used in disc armature motor, provided its 
area is calculated correctly.
The permeance of a gap between inclined 
surfaces (shown in Figure 3-8) is:
3.29
3.30
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If a machine's radial and axial dimensions are 
fixed and a given operating point for the magnets 
is chosen, then the (total) leakage permeance and 
the permeance of the useful flux path can be 
calculated as shown below.
Fig. 3.8 shows that the sides of the magnets 
are radial and each may be defined from d^  to d£ 
by a unique angular position. Since the pole pitch 
is 2T7/p and is the pole arc/pole pitch ratio, 
the angle between adjacent pole sides is 27T( 1 -<^)/v=/3 
The contributions to the permeance of the inner and 
outer diameter's surfaces of a magnet is small 
enough to be neglected. The (total) leakage per­
meance for both sides of a magnet of length lm is 
a good estimate of the actual leakage permeance.
Using Squations 3.30. this becomes:
2-rrO — <) a±
Permeance of the useful flux path is
u 3.32
LF
9°
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the factor LF is a number usually lying between
1.1 and 1.4. It represents permeance reduction 
due to joints or steel parts that cannot be 
regarded as having infinite permeability. This 
is also the same factor which takes account of 
the magneto-motive force lost in joints or steel 
parts. Using Equation 3.29 and since:
Substituting for 1 from Equation 3.35 into Bauation 3.34o
A ~Q7-(Pj - P?) 3.3-5m p
4 p
Equation 3.29 becomes:
X  = ^o'***77 D^2 ”
J ~4p.lg.LF
3.34
But, it is easily shown that:
B. LF. 1LC m £ 3.35
100
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^ _ 7T^-Bm (D| - D?)
u
4r)JmHmÌC
3 .3 *
Substituting for and ^  from Eouations 3 - 3 *  and 3.31 
into Snuation 1.28 and LC becom es:
TO = , + * > V ^  .p2.Hm .LC
T^2 ^(^ - •<) Bm (D| - D2)
D2In
3 .3 7
Using Equation 2.29,Equation 3 .3 7  becomes:
0.334 u .1^. H p2.LCLC = 1 + -----£ 2 — E---2------  3.38
Bm .D2.^(1 - *<)
Thus, the equation is also rearranged to bring 
p to the left-hand side. Thus:
2
2 Bm*D2 cx (1 — <) (LC - 1)P = --------------- - • --
0.334 H LC/ o m m 3.39
Equation 3.39 shows that if a machine's radial and 
axial dimensions are fixed and a given operating 
point for the magnets is chosen, then the pole
101
T'ech’ne T'f'sipn l7Vlqr + f>'>' 3
number p. the pole arc/pole pitch ration, and 
the leakage coefficient 1C are related by:
This relationship may be visualized if LC is con­
sidered to be constant: an increase in would 
bring adjacent pole edges closer together, and 
must be compensated by a reduction in p as 
prescribed in Equation 3.40 to maintain the same 
leakage flux. p and#cmay not be optimized in a 
machine design for minimum leakage coefficient. 
Only when these magnetic circuit parameters are
related to the armature winding is it possible
2to optimize them by way of minimizing the I Ra 
power loss as below.
In Section 3.2 we show that the armature 
resistance:
Ra 2f.z x 1.25 |(D2 - + S- (D2 + D,
p2 = K.^(1 -•*) (1 - — )1C 3.40
'■/here a constant
P
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Equation 3.11 makes a relationship between I, C and 
a, from which:
a -IT. G2 2 x 10~6I 3.41
Where I is the armature current. Combining 
Equation 3.11 and 3.18 fives an armature power loss of:
i 2r C.Pj . Z  1a = — — — — —
2 x 10“* x a
.25 J(D2 - D1 ) +i_ (D2 + D^J
3.42
Eliminating the variable I from the right-hand
oside of this equation will allow I Ra to be 
minimized with respect to machine dimensions only. 
I is related to the specific electric loading
can be shown by:
Ac = 3.43
a.jrJi,
Bht A can be shown as: c
c = . LC
15.83 x 10“ \j>\ w - Bm
3.44
Which is substituted into Souation T.42 with 3.43 to
103
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en ve :
T2t /r.0.p.p.^1 .TC 1 .25
51.** x 10"°.-<.n.'D|.Bi V - (D2 + D1 )
3.45
The co n d u ctor c u r re n t  d e n s i ty .  0 , i s  gi v °n  a  v a lu e
p
o f  8 '-i/inrn which c ^ ^ r e sr o r d s  to  co n tin u o u s running 
o f  the m otor a t  a  norm al o p e r a t in g  te m p e ra tu re  o f  
75°0.
/ —Bh as a value of 2 x 1 0  J*,.m
hy \)Sing Bouation 2.29 and substituting for C and 
Rouation 3.48 becom es:
= ^ 2 ^  (1 + 3.45
p
'■ 'V'ers il.84 P
n . B D 0m d
Tf one of the three variables n,o<. or 10 is fixed.
then Bsuation 3*4* may be differentiated after
2substitution of Bsuation 3.40. to minimize T R& 
with resnect to one of these nuantities. TeaVage 
coefficient 10  ^s determined by the machine mrameters, 
whicv include p endg< . i f  TO is fixed, the value
1 04
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that is chosen will express the proportion of 
leakage flux that will be tolerated in a design. 
Designs for a given motor specification will be 
compared usinfr different values for 1C. A new 
constant is now defined as:
Combining Equation 3.4 5 and 7.47 and 3*40 gives
Similarly, if o<is fixed, the constant becomes
3.47
2The differentiation of which gives minimum I R& 
when solves5
1 + 1 o 3.49
K4 3.50
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Combining Equations 3*50 and 3.40 gives:
T2R - Sa <p< V2 +
11.72 K,
(1 - — )*LC
3.51
Differentiation of Equation 3.51 gives minimum 
2I R whenLC solves: a
1 11 .72 1 .5 - LC
J * ( i  - V1C
= o 3.52
. ?It is seen from Equations 3.49 and 3.52 that I Rfi 
may be minimized only with constant IC if 0.75<s.i’<<<1 
and with constant •< if 1<LC <1.5. although these 
parameters may take values outside these ranges.
In practice it is found that neither«< nor 
LC change very substantially in a given design 
specification, and so one of these will be taken 
as a constant. When either Equation 3.49 or 3-52
is solved, Equation 3.40 is used to find the number 
of poles.
106
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Th<? usefulness of a. computer program i s 
measured by +v n number of Parameters that can be 
selected for optimum performance. &s a result 
of the development of the afore-mentioned criteria 
for the selection of all machine parameters has 
made it beneficial to develop a new design propram 
for the machine. No detailed description of this 
propram is piven here, as the program itself is a 
modified version of the 1981 urograms. The 
princina1 steps and seouence of calculations are 
shown by the flow chart in Figure 3.9-
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Chapter 4 I'agnet Behaviour in Disc Motors
4.1.1 Nagnet Material under Recoil Conditions
So far it h^s been considered that the 
magnet is fully magnetized after assembly, the 
gap is thereafter unchanged. and the magnet 
is not subjected to demagnetizing influences 
arising from external causes. If the magnet 
were to be removed from the assembly and then 
replaced, a different situation would exist. 
Figure 4.1 illustrates this. The load- 
line 01 corresponding to some initial con­
ditions for assembly causes the magnet to 
work at point 1. If the magnet is removed 
or "open-circuited", its working point will 
drop to point 2, which is determined by a 
new load-line. The slope of this new (or 
open-circuit) load-line is a function of the 
length to diameter ratio for cylindrical 
magnets, as shown in Figure 4.2. For
other than circular cross-sections, nearly 
correct results may be obtained by using the 
diameter of a circle whose area is equal to 
the magnet area. When the value of B is
H
known, a line having a negative si one of this
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Pip. 4.2 : Open—circuit magnet operation a/rainst dirrens-ion ratio for cylinders
1 1 S
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value is drawn through the origin o^ the same 
graph as that on which the demagnetization 
curve is clotted. The point at which it 
intersects the curve gives the open-circuit 
working point of the magnet. If the magnet 
is now replaced in the assembly, the working 
point does not necessarily return to point 1 . 
Rather, it moves up along a recoil line within 
the main demagnetization curve until it inter­
sects the original assembly load-line at point 
3, as shown in Figure 4.1. Between the
initial point and the B axis, such recoil 
lines are reversible; in fact, it 
produces a thin loop of negligible area and 
it is usual to consider the mean recoil line 
and its slope. The slope of recoil lines 
within the second quadrant is almost 
independent of the value of B from which they 
originate. This slope, expressed as
yT - ^ 2
a h
4.1
'■fliere y T is known as relative recoil per­
meability and is commonly quoted for permanent
Fagnet Behaviour ir. Disc Fotors Charter A
magnet, materials. i
\
It can now be seen that a partial loss 
of flux which varies greatly with the material 
properties and its working point has been 
experienced.
In the disc armature motor, such problems 
will only usually be apparent when assembling 
a machine. If the magnets are magnetised 
before assembly, there is always the possibility 
that on removal from the magnet charger and 
installation, they will be operating under 
recoil conditions. fortunately, the problem 
is not eoually apparent in all materials.
This can be illustrated with the aid of Figure 
A."5 which details typical room temperature 
demagnetization curves for materials A and B, 
exhibiting respectively low and high 
coercivities. We can observe the demagnetizing
effect resulting from the open circuit condition 
(which is represented by a demagnetizing field AH).
Both materials are working under ideal con­
ditions for the respective materials, i.e. at 
a working point above their (BH) max point.
After restoring the original condition (i.e.
1 17

removal of the demapnetizinp’ field <aH) , 
material A has, in fact, become partially 
demagnetized recoiling inside the BH curve 
with the obvious end result of very poor 
utilization of the magnet's energy capacity, 
whereas material B is fully recovered.
In many Ferrite and rare earth magnet 
assemblies, the loss may be essentially zero 
because many Ferrite and rare earth grades 
have demagnetization characteristics that 
approximate to a straight line. In these 
cases, the recoil line coincides with the 
original BH curve for all practical purposes. 
Therefore it is quite permissive to magnetize 
them prior to assembly since full magnetization 
is retained during assembly of the motor.
A further property of Ferrites and Sm Co5 
arising from a combination of high coercivity 
and low permeability allows the imprinting of 
poles of opposite polarity in close proximity 
without progressive self demagnetization.
This enables maximisation of the effective
Hagnet Behaviour in Disc Motors Charter 4
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area which is, of course, desirable when one 
reflects on the relatively low remanance of 
these materials.
It is the A.lnico types that are most 
susceptible, though, vhen these are specified, 
it is not unusual to include, in situ, nap- 
neti -xing windings within the machine itself 
(Figure 2.5) so that the magnets may be 
energised initially after assembly, and also 
re-energised if ever the motor is dismantled. 
It has been found that with Alnico magnets 
used without such magnetizing windings, the 
working flux density is reduced. To assess 
whether recoil is likely, it is necessary to 
consider both the normal demagnetization 
characteristic and the expected conditions of 
operation. For example, with some Alnicos 
operating some way above BH max point, there 
may exist a small range of operating con­
ditions where recoil operation coincides with 
the BH curve, i.e. the magnet's open circuit 
line intersects the 17H curve at a point above 
its "knee".
Fagnet Behsviour in Disc Motors Chanter 4
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4.1.2 Estimation of Operating Point of Fagnet 
under Recoil Conditions
Once a permanent magnet electrical machine 
has been assembled, the only demagnetization 
effect likely to be experienced are those due 
to armature reaction.
To facilitate the subseouent discussion 
on this subject (armature reaction), a method 
of predicting changes in the flux density of 
a magnet subjected to external magnetic fields 
must first be analysed.
The operation of metallic permanent magnets
under recoil conditions has been analysed in
terms of the BH (normal) characteristic of the
1 5 1 f,magnet material by Valshow and I-ynn, Desmond
17and Hanrahan and Toffolo.
The method of analysis used by the above 
writers will be reviewed very briefly here for 
the sake of completeness.
Suppose a magnet is working with a load- 
line of slope F at a point 3 on the B recoil
I'agnet Behaviour in Disc rotors Chapter 4
line (Bigure 4.11. Suppose an additional
demagnetizing force iH is applied by means of 
a current flowing in a coil. The way to find 
the new B working point 4 is to draw a line 
through o’ parallel to 01 cutting the B 
recoil line at 4. 4 is the new value of B.
This is the usual method of estimating 
the operating point of the magnet when exposed 
to an external field (3). This analysis, 
although simplified, has been found to be 
satisfactory for the study and design of 
metallic nermanent magnets in electrical 
machines.
The newer anisotropic ceramic ferrite 
permanent magnets have recently found wide­
spread application and in addition to the 
physical differences which exist between
metal and hard magnets as described by
1BBecker et al, the demagnetization character­
istics of these two materials is also quite 
different. It is apparent that the 
anisotropic ferrite magnets have higher 
coercivities but lower values of remanence
1 2?
N
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than the netal magnets. Furthermore, there 
is a pronounced difference between the JH 
(intrinsic curve) and BH characteristics of 
the higher coercivity materials (refer to 
Figure 4.4) , whereas for the lower coercivity 
materials, the difference is less significant, 
since
B = J + ^o H ’
2* 20
Several authors, such as Could, Ireland and
21Colhardt and Beaudoin, have argued that, 
because of the comparatively large difference 
between the BH and JH characteristics of the 
ferrite magnets, the treatment of these 
magnets under the influence of external 
fields, differs from the usual approach, and 
for such magnets the JH characteristic must 
be employed as 3hown: a second recoil line, 
called here the intrinsic recoil line, and 
related to the recoil line by Equation 4.2 
is also shown in Figure 4.1. The slope
of the intrinsic recoil line is seen to be
^Prec - 1 ^ F o’
1
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In this method, a line of slope - (P + ¡^Q) 
is displaced by a H giving an intercept on the 
intrinsic recoil line at 7 ("Figure 4.1). The 
corresponding value of flux density on the 
recoil line, 5. is vertically below 7, and 
this new operating noint differs from that 
obtained previously, i.e. point 4. Therefore, 
using this arnroach. the magnet a-pears to 
suffer a greater loss of useful flux density 
due to the demagnetizing flux than that given 
by the first method.
2?Burnett and Overshott, have argued that 
this latter concept is incorrect because the 
effect of an external demagnetizing field on 
the JH curve and the intrinsic flux density 
differs from its effect on the BH curve and 
flux density. A new method of analysis has 
been developed which allows the demagnetizing 
condition of a permanent magnet to be correctly 
estimated from the JH characteristic of the 
material. Their method has been shown to 
be eauivalent to the conventional method of 
analysing permanent magnet systems using the 
BH characteristic. Therefore, the early 
method, which has been previously only
Magnet Behaviour in Disc Motors Chapter 4
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Me~oloyed for metallic magnets, can be ecually 
arrlied to ferrite permanent magnets and 
indeed to all permanent magnets irrespective 
of the properties of the material.
In the opinion of the author, the con­
ventional BH characteristic approach to 
analysing ferrite (or hard) permanent magnet 
systems can be justified because the method 
using the JH curve over-estimates the effect 
of an externally applied field.
A . i armature Reaction
4.2.1 inaHysis of irmatur» Reaction
A nrimary concern in the design of 
oermanent magnet machines is the interaction 
of the magnet flux and the m.m.f. produced by 
the armature current. An analytical 
derivation of the equations to quantitatively 
oredict the degree to which the permanent 
magnet is demagnetized by the armature 
current is presented here.
Consider a conductor in free space and a 
straight line that originates at -oo and 
terminates at + oo as shown in Figure 4.5 (&)
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The genera? eouation of the m.m.f. is:
m.m.f. = V H dl 4.3
•jhere H has the same direction as dl . 
’'h°refor°, the m.m.f. experienced a1 one- tve 
line o^ 7ipure 4.5(a) is:
If a material of infinite permeability 
is placed at a distance from the conductor with 
the face of the material rarallel to the 
direction of the conductor and oernendicular 
to the 7ine in ^ipure 4.5(b) then the total 
m.rr.f. a1onr the M n »  remains unchanged.
00
4.4
But, Hx = H cos Q 4.5
4nd, H = I 4.5
2.ir.A
by substituting" from Bauation 4.5 into 
Bouation 4.5 and then in B-mation 4.4
Then m.m.f cosO dx = I
4.7
1 2 °
Ml CM
however, the entire m.m.f. wo”ld he exuorienced 
or. the part of the line outside the material.
If additionally, a second niece of material 
of infinite uermeability is olaced across the 
line so that a free-snace rerion exists alonp 
the line between the faces of the two nieces 
of material, then again the total m.m.f. 
remains unchanged. However, the entire m.m.f. 
would be exnerienced along that part of the 
line in the free space region. How, if an 
additional layer (or layers) of some other 
material of finite nermeability is placed 
between the faces of the two pieces of material 
so that only a small air-pap remains to accom­
modate the conductor, then the total m.m.f. 
would be distributed between the air-gap and 
this second material. This latter condition 
is aprroximately the equivalent of the axial 
field machine, nrovided the flux return ring 
iron does not become saturated.
Thus, each armature spoke under the pole
face contains Z conductors, each carrying 8pO
a current 1^, produces a m.m.f. of Zg^0 I_
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exerted either with, or arainst. the reTianent 
m'1 m e t  m.m.f. Fimne 4.c shows a ssmnle 
section of en armature under the ool e face.
The total m.m.f. across each section (snan 
between two adjacent sooke centres) is riven 
as follows:
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Section No. 1 +5 3gT-0 Ic
2a
Section v0. 2 +3 ^sro Tc
2a
Section *To. 3 +1 zsr>o Tc
2a
Section *’o. A -1 7JST>0 Tc
2a
Section Mo. 5 -3 ?Jsro Tc
2a
Section TTo. * -5 ^soo Tc
2a
The total m.m.f. across each section is riven 
by the suoerrosition of the m.m.f. contributions 
from ppch section and the negative sims 
indicate that t1"10 m.m.f. is in opposition to
130
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the flux direction of the nermanent mapnet
Thus the net m.m.f. across section ’To. 5
for examrOe, is derived by notin'* that five
sections act to onoose, and two sections aid
the nermanent rnaeret field «riving a net of
three in opposition
The nermanent n^met can b° nauti ti oned
into segments co^resroniin? to the portion
of the m^pnot onrosite the sections of the
armature between the centres of adjacent
snokes. as shown in Pipure A.*
segment of the permanent asenet experiences a
different m.m.f. due to the armature current
on any
H i s  the  magneti  c f o r c e  due to  tv e - ) *n e t r r e
exerted either with, or aminst. the remt?n»nt 
n,'ra»t m.m.f. Pifure A.c shows a s^mnle 
section of an armature under the oole fa.ee.
The total m.m.f. across each section (scan 
between two adjacent sroke centres) is p-iven 
as follows:
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Section No. 1 +5 Ic
2*1
Section cv0& +3 ^sro Tc
?a
Section Vo. 3 4-1 z SPO Tc
2a
Secti on »■O. A -1 7"sr*o Tc
?a
Section No. 5 -3 z sro Tc
2a
Section No. « -5 ^sno Tc
2a
The total m.m.f. across each section is piven 
by the suoemosition of the m.m.f. crntributions 
from each section and the negative sims 
indicate that the m.m.f. is in opposition to
130
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the flux direction of the permanent magnet. 
Thus the net m.m.f. across section ’To. 5, 
for examnle, is derived by noting that five 
sections act to oppose, and two sections aid. 
the permanent mamet field Rivinp a net of 
three in opposition.
The permanent magnet can he partitioned 
into segment? corresponding te t^e portior 
of the magnet opposite t h e  sections of the 
a r m a t u r e  between the centres of adjacent 
smokes, as shown in Pi m r e  A.£. Bach
segment of the permanent magnet experiences a 
different m.m.f. due to the armature current.
To illustrate the effect of the armature 
m.m.f. on any segment of the magnet on the BH 
curve, the m.m.f. must be expressed in the 
same magnetic force unHs.
H = m.m.f. A .P
'n 4 "1 rr
'ihere 3 m ’s the nr met 3 ength in meters. °nd 
H is the magnetic force due to the armature
am k i k ; -jai...
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or* ol given segment of the magnet.
The m.m.f. may be expressed more specifically 
in terms of aiding and opposing armature sections, 
and the maximum amount of force on each section 
mry be arranged to
B = (Fq - Fa) ^spo 1 4.9
2a. 1m
V/here K is the number of sections opposed too
field flux; K&, the number of sections aiding
field flux; Z I, the maximum amper turns spo ’
2a
per section (generally at stall current); and 
lm, the axial length of a permanent magnet in 
meters.
The no-load operating point of the magnet 
is given by the permeance line of slope P.
'•'/hen the armature m.m.f. on a particular 
segment is negative, then the operating point 
under this load can be obtained by drawing a 
line parallel to the no—lo°d permeance line 
sts.rting from . The intersection of this 
line and the BH curve yields the new operating
1 34
Fif'. /1.7 : yarnat sequent oreratinr T'oints aftar anniication of negative lii.m.f.
1
A
point for that segment. The nrocess is 
illustrated in ?ivure
The special case of demagnetization due 
to the large stall current in the armature 
can be considered as a condition of a 
momentary large armature current that decays 
to zero. The resultant flux densities of the 
various segments of the magnet when the current 
returns to zero are the stabilized operating 
points.
When the magnetic force H is positive, 
the operating point shifts up along a recoil 
line, while the current increases to a peak, 
then shifts down along the recoil line as 
the current decays and returns to the initial 
operating point. 'lien the magnetic force H 
is negative, the operating point shifts down 
along the demagnetization curve while the 
current increases to a peak and then shifts 
up along a recoil line as the current decays 
to zero. The resultant stabilized operating 
point is given by the intersection of the 
recoil line and the no-load permeance line.
Kagnet Behaviour in Disc "otors Chanter 4
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A.s constn'cted in figure 4.7 the reduced
operating point for H corresponding to the 
peak stall current is indicated by the inter­
section of the offset permeance line and the 
3H curve at values and . The stabilized 
operating point can then be computed by
Miere P is the slope of the no-load permeance 
line and H., is read as a negative value in 
the second quadrant. Thus aft°r the stall 
current returns to zero, all segments of the 
magnet subjected to Positive magnetic forces 
stabilize at the initial no-load point and 
those segments subjected to negative forces 
stabilize at a flux density as determined 
above.
’Alien the m.m.f. on a segment is positive, 
the no-load operating point shifts up along 
a recoil line (refer to Figure 4.8).
The flux density at the new operating point 
is given by
4.10
B = Bd + A. 11
1 y i
T3
1 3B
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'/here B^ is the flux density at no-load, P is 
the slone of the no-load permeance line and 
ur is the relative recoil permeability.
The stall current decays to the lower 
running current rather than zero. In this 
situation the segments of the magnet that 
experience negative magnetic forces, stabilize 
at an operating noint described by the inter­
section of the recoil line and the permeance 
line originating from corresponding to
the armature running current (refer to Figure 4.9). 
Thus the stabilized operating point flux 
density is: *
Where P is the no-load permeance; B1, the flux 
density at stall current; , the magnetic 
force at stall current operating point 
(negative in second quadrant); the
magnetic force due to armature running current 
(negative); and yr, the relative permeability 
of the magnetic material.
*4.12
139
4
Pif. 4.9 : yp.met seement oneratine’ points underload after application of negative m.m.f
1 40
A
The operating roint on the segments 
experiencing positive magnetic forces is 
computed in calculating the stall current 
demapnetization, with H corresronding to the 
armature running current.
If the armature were always to rotate 
in the same direction, then the various 
segments would experience the same magnetic 
force each time the motor is started. Thus 
those segments which receive positive forces 
would have operating noints above the initial 
no-load point. If, however, the armature 
rotation is reversed, then these segments 
would experience negative forces. The 
polarity of all forces would be reversed.
The effect of this reversing is to cause the 
operating point to shift up and down a new 
recoil line.
The final stabilised line can be determined 
from tracing the cycle from negative to 
positive, and back to negative. The initial 
negative swing takes the operating point down 
along the demagnetizing curve to the point 3^,
H.| as indicated in Figures 4.7 and 4.10.
Kagnet Behaviour in Disc Fotors Charter 4
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The reversal to -positive takes the operating 
point ur along a recoil line to point b ],
(7igure 4.10). This noint can be computed 
from the Bauation 4.12 which calculates the 
operating- point under load after stall, with 
H positive. Reversing again to negative 
takes the operating point down the upper side 
of the recoil line back to . This
process defines the end points of the recoil 
line B 1 , •
The analytical approach thus far described, 
deals with a static situation. However, the 
major consideration is the stall current 
demagnetization which only occurs at the 
instant cf starting and decays with increasing 
armature speed. Since the worst case is the 
initial current surge, and since the duration 
of this current is immaterial, the static 
analysis is applicable to the prediction of 
stall current demagnetization.
In the case of the running current, the 
armature is rotating at a high speed. The 
static analysis is not necessarily the best
Magnet Behaviour in "Disc Motors Charter 4
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approach. \n alternative approach is to
consider the armature surface to be a current
sheet such as the outer edge of section No. 5
<7 Treceives an m.m.f. of-4 < 'spo c) while the
2
centre receives zero, and the orter edge of
7  Tsection No. 1 receives an m.m.f. of + 4 ( Jspo c)
2
Tt is then assumed that the m.m.f. is linear 
and that the m.m.f. at any point is proportional 
to the distance away from the centre.
However, it may be just as well to ignore 
these effects. The recoil line is determined 
by the stall current. If the running current 
is considerably smaller than the stall current, 
the operating points do not shift very far 
from the stabilized point. Thus the recoil 
line may be considered linear over this range 
and there will be no net change in total flux 
per pole. For every negative change in flux 
(points on the armature to the right of the 
centre), there is gn equal positive change 
(the corresponding point to the left of centre).
Nagnet Behaviour in Disc Notors Chapter 4
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Figure 4.11 (a) »nd (h) shows the air-pan 
flux at no-load and full—load respectively for 
the 10kw disc motor. This is accomplished by 
fixing a surge coil of one turn of thin cross- 
section wire on the disc armature and then 
the coil terminals are taken outside the 
closed motor through a groove along the steel 
shaft and are connected to Conner slip rings 
which are fixed on a wooden disc which in turn 
is fixed to the rotating shaft (as shown in 
Figure 4.12. The e.m.f. generated in the
search coil was picked up by means of two 
slipping brushes and fed into an oscilloscope, 
then a photograph of the wave-form was taken 
by a polaroid camera.
Figure 4.11 (a' shows the no-load flux 
pattern of the air-gap due to magnet poles 
only. On the other hand, Figure 4.11 (b) 
shows the resultant air-gap flux distribution 
due to magnet poles and armature current and 
it is obvious that the previous discussion is 
auite close to the result shown by the ohoto- 
praoh, in that the armature has the effect of 
introducing a certain distortion in the air-
Magnet Behaviour in Disc Motors Chapter 4
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gat) flux; but at normal load this distortion
has a net effect eoual to zero
4.?.2 Armature Reaction Calculation
Tt is shown in Section 4.2. that when a
armature when passing a total current. I
namely
Tt is also shown that in a motor with
salient nermanent magnet poles, the effect 
of the armature reaction at maximum current
will lead to unhomogeneous magnetization over 
the circumferential extent of the magnet with
nartial demagnetization at the trailing t'1 ps
Magnet Fehavio-r in lisc Motors Ihe-ate-" ' 
on'’ subi“Tipr!t O'eratjon o1 on'' a ’'»coil "linr>.
pz Of
"hero Vi oVo hei” fovor!)1 oarers published 
on the demagnetizing effect of armature reaction 
in D.C. motors usine- permanent magnet stator. 
However. these papers do not m v e  a useful 
method for the assessment of the demagnetization 
in a given motor with a permanent magnet stator 
of specified size and properties. However, 
the work done here has suggested a semi- 
empirical approach which does give this 
practical lead.
The average overall effect of armature 
reaction can be found by measuring, after 
maenetization, the back e.m.f. at known speed 
and then repeating this measurement after 
the passage of a known current through the 
damned armature. can be found by driving
the motor (at a no-load) or as a generator, 
and measuring output volts, 15, where
H = 0. ?. n. n 4.14
*0 a
Houation 4.14 shows that the change in 3/n 
must be due to a proportional chanve in 0 .
1 4P
This change is due to unhomoreneous demagnetj- 
nation of the magnet hut it has been shown 
to be both convenient and useful to consider 
it as representing » similar, average change 
in the magnet flux density at zero current.
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Sucrose a given motor has a permanent 
magnet stator with properties as in Figure A. 15 
The zero-current load-line Bm/Hm is such that 
when magnetized after assembly the mean magnet 
flux density is B f on the demagnetization 
curve but, after passing a current, T. 
through the damned armature. F/n and 0 have 
been reduced so that the proportionately 
reduced mean magnet flux density is 3m on 
the same load-line. The recoil permeability 
of the magnet material is such that an 
external demagnetizing field H& would have 
been reauired to nroduce a uniform reduction 
of flux density from Bmf to Bffl.
The apparent demagnetizing field H& is 
equivalent to a demagnetizing m.m.f. on the 
magnet of ^ . But this apoarent m.m.f.
1 50
Fir* 4 .1 ? : ragnet segment mean operating
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is the result of an armature m.m.f. as «riven 
by Eauation 4.13 anrlied substantially 
nerrendicular to the direction of magnetization.
It has been shown that an almost constant 
nrorortionality between armature m.m.f. rer 
role, F, and the demagnetizing m.m.f. lm 
would have been required to uroduce the same 
mean demagnetization. Conseouently. it is 
suggested that the effect of armature reaction 
due to a srecified maximum armature current, I, 
is the same as a direct demagnetizing m.m.f.
H a lm superimposed on the maemet field at 
zero current. The appropriate value is:
H lm = e.F = e(Z T/2na) 4.15a
Where Z is the number of armature conductors,
I, is the maximum armature current, p, the 
number of stator poles, a, the number of 
parallel armature current paths, lm, the 
magnet length and e, ia a constant. With 
conventional machines the armature reaction
can be sienificent and serious with, e,
25,2«close to 0.2. This value arrears to hold 
independently of motor designs and sizes or 1
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o f  magnet m a t e r i a 1 o r  o f  number o f  r o l e s .
B u t .  th e  v a lu e  o f .  e ,  may change with 
abnorm ally  l a r g e  a i r - g a r s .
In  the d i s c  m otor, the  a rm atu re  r e a c t io n  
o f  th e  a i r - c o r e d  c o i l s  h a s  a r  e x tre m e ly  sm a ll  
e f f e c t  due to  the  l a r g e  a i r - g a p ,  and e ,  may 
have a  v ery  low v a l u e .  Arm ature r e a c t io n  
d e m ag n e t iz a t io n  i s  th us  n e g l i g i b l e  in  machines 
o f  t h i s  type  and such e f f e c t s  h av e  never  been 
e x p e r ie n c e d  in  any o f  th e  p r o t o t y p e s .
The final effect again depends on the 
magnet material specified and in traction 
applications where high coercivity ferrite 
is almost exclusively used, it would be even 
less pronounced than with Alnico. However, 
since the cross m.m.f. of armature reaction 
is eauivalent to a smaller m.m.f. applied 
directly to the magnet, in a motor using 
Alnico magnets it should be possible to 
neutralize the demagnetizing effect by the 
appropriate direct magnetizing m.m.f. From 
Equation 4.13 the apparent demagnetizating 
ampere-turns per pole is e(3 l/ 2  pa). 
Consequently, if each magnet cole is fitted
with a supplementary winding with at least 
0.5 e Z/pa turns, which is connected in series 
with the armature, neutralization should be 
affected when the armature current passes 
through them in the correct direction.
The resistance of such windings should be 
low compared with armature plus brush 
resistance, in fact this is not difficult 
to achieve. In motors using Alnico magnet, 
it is almady customary fit a magnetizing 
winding on each pole and to leave this in 
dace for possible use in servicing operations. 
There is very little difficulty in arranging 
that the number of turns and the resistance 
are appropriate for both magnetizing and 
neutralisation.
4 .3  Permanent Magnet S t a b i l i t y
The designer of a permanent magnet machine 
is concerned to know under what conditions and 
for how long the magnet will continue to fulfil 
the purpose for which it was designed. Any 
permanent magnet, after being fully magnetized, 
is likely to perform differently under different
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conditions. There is not. however, any one 
permanent magnet material that is the most 
stable in all nossible circumstances. The 
material that is best for withstanding high 
temperatures is not necessarily the best for 
withstanding- low temperatures, or external 
nagnetic fields.
This section summarises the known facts 
on magnet stability in "normal" environments, 
that is over a moderate temperature range 
somewhat above and below atmospheric tem­
peratures (within which the electrical 
machine is working?) , and under the influence 
of moderate values of external magnetic field 
and mechanical vibration.
The kind of stability required depends 
on the condition in which the machine is used. 
For example, unless appropriate precautions 
are taken in the design, the temperature to 
which a machine using ferrite permanent 
magnet may be exposed in transit on a ’-/inter's 
night in Cen+r»1 Furore or ^orth America, are 
sufficient1 v low to caTise damage.
Until recent years the permanent ira#met 
manufacturer has dealt wit1" stability queries 
by reassurances based on the long-term use of 
magnets in the same or similar applications 
and the absence of complaints from regular 
users. *Tow. however, a body of factual 
information has been built up from which the 
magnet designer can (to a certain extent) 
■predict the behaviour of magnets in various 
specified circumstances.
In  th e  o p in io n  o f  th e  a u th o r ,  some c la im s  
t h a t  the  r e s u l t s  p u b l i s h e d  about th e  s t a b i l i t y  
o f  permanent m agnets a r e  s u f f i c i e n t  to  en ab le  
th e  d e s ig n e r  to  p r e d i c t  th e  b eh av io u r  o f  h i s  
d e s ig n  a c c u r a t e l y ,  a r e  o v e r s t a t e d .  S l i g h t  
changes  in  sh a p e ,  s i z e ,  c o m p o s i t io n ,  o r  t r e a t ­
ment, may c a u se  the  commercial p ro du ct  today  
to  d i f f e r  s i g n i f i c a n t l y  from the p a r t i c u l a r  
sam ple s  on which th e  p u b l i sh e d  r e s u l t s  were 
b a s e d .
I'amet Behaviour in Disc î'otors Chapter d
4 .3 .1  F a c t o r s  C o n t r o l l i n g  S t a b i l i t y
A permanent m aanet. when m agnetized  to
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saturation and removed from the magnetizer. 1 s 
in a state of thermodynamic instability in 
that the reduction of the polarisation. J. 
from the saturated value to the working value, 
is a relaxation of domain orientation and 
a movement of domain boundaries. \ny dis­
turbing factor, such as structural change in 
the material, change of external field, 
mechanical vibration, increase of temperature, 
or even the atomic vibration associated with 
any fixed temperature above absolute zero, 
will tend to cause further small movements of 
domain boundaries and a conseouent slight 
reduction of the polarisation and the external 
flux produced by the magnet. Nevertheless, 
given a structurally stable material and a 
small initial reduction of the flux, permanent 
magnets operated within a limited temperature 
range, can remain stable for many years to 
within about 0 .0 1< of their flux value 
measured at a fixed temperature.
Given structural stability with operation 
8 1 a fixed temperature, the change of 
magnetization due to any change of field is 
not completed instantaneously, but is
followed by small additional changes which 
are proportional to the logarithm of elapsed 
time. Hence, from the moment of removal 
f"om the magnetizer, a magnet tends to 
decrease slightly in strength. Such charges 
are usually described as magnetic viscosity.
One method of avoiding such losses is to keen 
the magnets for several months after 
magnetizing before testing the machine.
This process is known as ageing, or sometimes 
nature.1 ageing. Artificial means of speeding 
un this nrocess such as deliberately 
demagnetizing the magnets slightly by means 
of a small demagnetizing field or exposing 
them to a temperature cycle, are often employed. 
Such stabilization processes are often referred 
to as ageing.
The most serious, although not the most 
common, cause of a change in the strength of 
a magnet, is an alteration in its composition 
or structure. Such alterations are known as 
metallurgical changes. Some magnets are in 
a metastable state, and the metallurgical 
changes may proceed slowly even at room
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temperature, and considerably more quickly at 
higher temperatures, e.p. highly reactive 
material such as cobalt/rare earth alloys, may 
be degraded by oxidation at room temperature, 
but in most rermaneht magnet materials, 
metallurgical chsnpes occur only at con­
siderably higher temperatures. Structural 
changes occur independently of the state of 
magnetization and are detected by a change in 
the demagnetization curve.
,rhen the temperature of a magnet is changed, 
there is usually a reversible decrease in 
magnetization with increasing temperature.
This change is called reversible, because the 
magnet returns to its original strength when 
it returns to room temperature. If a magnet 
is cooled below room temperature there is, of 
course, a reversible increase in magnetization.
In addition to the reversible losses, 
temperature changes cause irreversible flux 
losses in an otherwise stable material for 
several reasons. First, there is increased 
atomic vibration with increase of temperature, 
giving additional domain relaxation, so that
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on decreasing the temperature there is a flux 
loss. Secondly, there is a change in th° 
share of the hysteresis loop with temperature. 
and in particular a reduction in the 
coercivity. In seme materials the 
coercivity is lower at high temperatures, and 
in others it is lower at temperatures lower 
room temperature. Thus in some materials, 
irreversible losses may result from cooling 
as well as heating. In both cases, if the 
demagnetising curve tested at the extreme 
temperature, cuts the load line of the magnet 
at a lower B value, then there will be an 
irreversible flux loss on returning to room 
temnerature. These losses are irreversible 
in the sense that they are not restored by 
returning the magnet to room temperature. 
Unlike the metallurgical losses, they can be 
restored by remagnetizing the magnet at room 
temperature.
Kechanical vibration and shock is com­
parable with thermal vibration. However, 
there is no evidence that mechanical effects, 
other than fracture of the mn/raet, cause flux 
losses on a magnet which has had normal
1 ÉO
J/
Charter 4
stabilisation by either temoerature cycling 
or an alternating field. Recorded tests by 
various authors on losses due to shock and 
vibration hnve confirmed that this has a very 
miner effect with modem mepnet materials, but 
special cases may recuire pre-stabilization 
by application of the maximum vibration likely 
in practice.
Tn an electrical machine, magnets are 
likely to operate under the temnerature changes, 
field change and mechanical disturbance 
simultaneously. However, the various causes 
of instability are not additive, since the 
identical small change m^y be initiated by a 
dema<metizing field, or by a temnerature 
increase, or by a mechanical shock, or by 
some random thermal fluctuation during a time- 
lapse. One kind of artificial stabilization, 
whether thermal cycling or field cycling, will 
substantially reduce the losses which might 
otherwise occur due to another cause but will 
not wholly eliminate them except by excessive 
flux reduction.
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Ml the causes of flux lose except 
structural change tend to give higher losses 
as the map-net working point ?ets to a 
steece'" part of the demspnetization curve. 
Conseauently, msanets with high coercivity 
give better stability.
In summary, for a high-stabil ity uer- 
manent magnet the followinp noints are 
desirable:
a) a material struct’arally stable 
over the working temperature
b) designed for a working point above 
the "knee" of the demagnetization curve as 
measured at any temperature in the working 
range
c) after magnetization, a heating/ 
cooling cycle somewhat beyond the working 
temperature range
d) application of an alternating field 
wi th peak value <ve»ter than any likely stray 
fields when in use
1 *2
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e l  th e  combined e f f e c t  o f  c) and dl 
should produce e f l u x  l o s s  from the f u l l y  
m agnetized  c o n d i t io n  o f  a t  l e a s t  l 1* ;  un to  
5"' i s  d e s i r a b l e  f o r  maximum subsequen t 
s t a b i l i t y .
The kind of peak alternating field value 
necessary for stabilisation is indicated in 
Table 4.1. There remains the normal 
reversible temperature coefficient, dependant 
on material, and, in some cases, on a magnet 
working point.
4.3,2 Temperature Sffects on a ferrite Magnet
A. serious disadvantage of hard ferrite is 
its high temperature coefficient of 
magnetization which at -0 .2c''/0o is some ten 
times greater than that for metal magnets.
This loss of flux is related to the decreasing 
B remenance of the material with rising 
temperature. This loss of flux is reversible 
for a range of temperatures within which the 
electrical machine works. However, under 
certain working conditions, it is important to
rri«T^T'=; 4. 1 Different r emanent Kapnet Properties
Keen r e v ° ^ s i b l e
I f e t e r i s ’’ names tem n eratu re  c o e f f i c i e n t
Peak a .  c .  
f i  e ld  f o r  'in­
flux l o s s
*i ner °C ranpe °0 kA./m
ilcomer, ilnico 5 -0 .0 1 to 0 .0 2 -40 to 200 5
trvcomsT, a Ini co S - 0  to 0 .0 2 -40 to 200 20
Ooluirar, Mnico 5 —7 -0 . 0 2 -40 to 200 4
Dolume1' Pycomar, - 0  to ".13 -40 to 200 20
aInico 9
inistroolc ^e^rite -0 . 1 o -40 to 200 14
AnistT'r,T>ic Tfpr”'
his’h uQ -0.19 -40 to 200 1 1 0
Pended F^rri to -0.19 - 2 0 to 70 -
"intered ~'tn Oo^ <c•01 -40 to 10 0 320
Bonded Pm Oo^ c•c -40 to 50 -
1 C4
consider the acconnanyina increase in coercive 
force of 0.4 - 0.5^/C0 rise which effectively 
results in a shift to the left, the "knee" 
of the demagnetization curve. Thus, provided 
the initial working permeance line is above 
the "knee" of the curve, it will remain so 
with further increases in temperature and 
therefore losses will be reversible.
However, when temperature is reduced to 
sub-zero temperatures, remanance increases 
while coercivity decreases. The original 
values of remanance and coercivity are 
regained when the temperature returns to normal 
but the flux may or may not return to its 
original value. This change in flux due to 
temperature change is shown in Figure 4.14.
Two demagnetization curves are given for the 
same material, one for operating at room 
temperature and the other for operation at 
sub-ze-^o temperature. By considering 
operation of the magnet at two permeance 
lines F1 and the significance of the
working point can be described. At per­
meance line , the magnet operates at point 
•4» whilst at room temperature, but when
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cooled operates at point •B' aroducin? a 
higher flux density. By heating bacV- to 
room temperature. the flux density returns 
back to roint 'A' and has therefore undergone 
a reversible change.
By contrast, the magnet working at per­
meance line ?- operates at noint 'C* whilst 
at room temperature. but when cooled operates 
at point 'D'. In this case, there has been 
a loss of flux density and by heating back to 
room temperature, the operating point returns 
to point 'E' which is inside the demagnetisation 
curve, hence the losses are irreversible. It 
can be realised that irreversible losses due 
to low temperature exposure may be eliminated 
by operating the magnet sufficiently high on 
the demagnetization curve.
Figure 4.15 shows the variation of B 
(i.e. f' ), the terminai voltage, with the tem­
perature rise of a 10kW disc machine using 
Ferrobe III. This is done by running the 
motor as a generator at di fferent magnet tem­
peratures ranging from room temperature up to 
50°C. The magnet was heated by running the
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motor on ''oad between each reed: nr when runeinr 
as a reneretor. 4.1? readinrs were taken at 
the same sreed. As can ^e seen, the relation- 
shir is a line of slope equal to 0.19 which 
rives the right value to the reversable tem­
perature coefficient of ferrite magnet material.
4 .4 Magnet Materials for a Disc Motor
In everyday language, matter is either 
magnetic or non-magnetic. Magnetic materials 
are visibly attracted by a magnet of average 
strength, and non-magnetic materials are not. 
Actually all materials react in some slight 
degree to a magnetic field, although a power­
ful marnet and sensitive equipment is often 
required to demonstrate this reaction. Such 
experiments enable apparently non-magnetic 
materials to be divided into several 
different classes: diamagnetic, paramagnetic 
and anti-ferromagnetic materials. Some 
commercially made permanent magnet materials 
such as the steel and Alnico alloys are 
described as ferromagnetic, while others such 
as barium ferrite are described as ferri- 
magnetic. The words ferromagnetic and 
ferrimagnetic describe different tyres of
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o r d e r in g  t h a t  make a m a t e r i a l  annear in  t h °  
p o p u la r  se n se  m a g n e t ic .
In  a  t h e s i s  o f  t h i s  n a tu r e ,  i t  i s  o f te n  
u n n e c e s sa r y  to  s p e c i f y  to  which s u b - c l a s s  a 
p a r t i c u l a r  m agn etic  m a t e r i a l  b e lo n g s ,  and 
o f t e n  the word m agn etic  i s  used  with i t s  
e v e ry  day meaning.
There a re  th r e e  main prouns o f  permanent 
magnet m a t e r i a l  in  common u se  to d ay : A ln ic o .  
■ Sem ite  and th e  Bare B a r th  C o b a it  a l l o y s .  
K a g n e ts  made from th e s e  m a t e r i a l s  a re  g e n e r a l l y  
made a n i s o t r o p i c  with the p r o p e r t i e s  in  one 
d i r e c t i o n  ( u s u a l l y  a lo n p  the len g th )  con­
s i d e r a b l y  b e t t e r  than in  th e  o th e r  d i r e c t i o n s .  
T h is  s e c t i o n  c o n ta in s  a  b r i e f  d e s c r ip t io n  and 
some i n d i c a t i o n  o f  the p h y s i c a l  p r o p e r t i e s  
and method o f  m anufactu re  on each o f  th e se  
ty p e s  o f  m a t e r i a l s .
The t i n i c o  (^ e-C o -N i-A l)  m a t e r i a l s ,  which 
c o v e r  a  wide range  o f  d i f f e r e n t  g rad e s  a s  
shown in  B ig u re  4 . 1 *  a re  m e t a l l i c  a l l o y s .  1
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-  Barium Ferrite
-  Fblymer Bonded SmCo,
-  M n-AI-C Alloy
-  Sintered SmCo,
-  Alnico A
-  Alnico B
O -  Ideal Working Point
H, kA/m
F i p .  4 .1 ^  : D em aém etisa tion  cu rv e s  o f  d i f f e r e n t  
m a t e r i a l
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Shape a n i s o t r o n y  i s  the  m ajor cause  o f  
th e  p r o p e r t i e s  o^ th e  i l n i c o  a l l o y s ,  in  winch 
th e  m e t a l l u r g i c a l  h e a t  trea tm e n t  produces  a 
f i n e  s t r u c t u r e  c o n s i s t i n g  o f  n ee d le -sh ap e d  
m ^im etic  p a r t i c l e s  in  a  non-m egnetic  m a t r ix .
Th<= co m po sit ion  o f  t h i s  a l l o y  i s  rou gh ly  
25"' Co. P# 41, 14"-' n i ,  w ith  th e  b a la n c e  i r o n  
and i t  may be produced e i t h e r  by m e lt in g  o r  
s i n t e r i n g  th e  comnonent m e ta l s  t o g e t h e r .
Che a n i s o t r o n y  i s  g e n e r a te d  by c o o l in g  the 
magnet from a  h igh  tem p era tu re  in  a  m agnetic  
f i e l d  fo l lo w e d  by a  p ro lo n g ed  tem pering  
t r e a tm e n t .  The d eg re e  o f  a n i s o t r o p y  can be 
im proved by c a s t i n g  the a l l o y  in to  a c h i l l e d  
mould so  t h a t  columnar c r y s t a l l i z a t i o n  i s  
in d u ce d ,  and then h e a t  t r e a t i n g  w ith  the 
f i e l d  p a r a l l e l  to  the  d i r e c t i o n  o f  columnar 
grow th . V ary ing  the co m p o s it io n  and the 
h e a t  t r e a tm e n t  a re  common p ro ced u re s  to  
m a n u fa c tu re r s  o f  a l l  d i f f e r e n t  g r a d e s  -  f o r  
exam ple , i n c r e a s i n g  th e  c o b a l t  co n te n t  up 
to  35# ,  y i e l d s  a m a t e r i a l  w ith a h ig h e r  
c o e r c i v i t y  and reduced remanance. such a s  
•Fycom ax’ g r a d e .
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The fully treated alloys may be cmshed, 
bonded with resin and messed to give m»imets 
with close dimensional tolerances, but 
inferior magnetic pronerties.
With th e  e x c e p t io n  o f  the bonded m a t e r i a l .  
A lnico  a l l o y s  a re  h ard  and b r i t t l e  a t  a l l  
s t a g e s  o f  normal p ro d u c t io n ,  th e y  a r e  the most 
d i f f i c u l t  o f  a l l  the  permanent magnet a l l o y s  
to  m achine. They a r e  c a s t  a s  c l o s e  a s  p o s s ib l e  
to  th e  r e q u ir e d  s i z e ,  any n e c e s s a r y  h o le s  be in g  
formed by th e  i n s e r t i o n  o f  c o re s  in  the mould 
and, a f t e r  h e a t  t r e a tm e n t ,  reduced t o  the f i n a l  
d im ensions by g r in d in g .
A. c o m p a ra t iv e ly  s o f t  g r in d in g  wheel has  
proved most s u i t a b l e  f o r  t h i s  p u rp o se ;  diamond 
w heels have not been s u c c e s s f u l .  The a l l o y s  
tend to  c h ip  a lo n g  the ed g es  d u r in g  g r in d in g  
and v ery  sm ali  c u t s  must be taken  i f  t h i s  i s  
to  be a v o id e d .  The a l l o y s  may be c u t  u s in g  
a  h ig h -sp e e d  s l i t t i n g  wheel, w h ile  a n o th er ,  
but e x p e n s iv e ,  way o f  c u t t i n g  (and machining) 
th e s e  a l l o y s  i s  b "  s p a rk  e r o s io n .
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F e r r i t e  i s  a. ce ram ic  c o n s i s t i n g  o f  mixed 
o x id e s  and h a s  th e  g e n e r a l  form ula  T"0 5 *5  ^e^ C^, 
where f o r  good permanent m agnets . F ,  i s  e i t h e r  
barium  o r  s t r o n t iu m .  I t  i s  made by f i r i n g  
i r o n  o x id e  w ith  t h e  o x id e  ( o r  c a rb o n a te )  o f  
th e  barium o r  s t r o n t iu m .  (The r e s u l t i n g  
m a t e r i a l s  a r e  a  m a g n e t ic  compound o f  
h e x a g o n a l  c r y s t a l  l a t t i c e  with a  s i n g l e  
p r e f e r r e d  a x i s  o f  m a g n e t iz a t io n  and a h igh  
m a m n e to c r y s ta l l in e  a n i s o t r o p y . )  T h is  i s  
fo l lo w e d  by c a r e f u l l y  c o n t r o l l e d  b a l l  m i l l i n g  
i n  w ate r  to  g iv e  a  b la c k  s l u r r y  o f  c o n t r o l l e d  
f e r r i t e  c o n te n t .  The s l u r r y  i s  f e d  in t o  a 
mould and p r e s s e d  to  e l im in a t e  w ate r  and form 
a  com pact. T h is  i s  done w hile  a  m agnetic  
f i e l d  i s  a p n l ie d  i n  the d e s i r e d  m agnetic  a x i s .  
The b e s t  m agn etic  p r o p e r t i e s  a re  a t t a in e d  
when f i e l d  a x i s  and p r e s s i n g  a x i s  c o in c id e .
A f t e r  e j e c t i o n  and slow d ry in g ,  the  compact 
i s  f i r e d .  The f i n a l  f i r i n g  l e a d s  to  a 
marked l i n e a r  s h r in k a g e ,  but s in c e  the f e r r i t e  
i s  an a s se m b ly  o f  p l a t e l e t s  formed o f  c r y s t a l  
p a r t i c l e s ,  s h r in k a g e  i s  l e s s  in  the  p r e s s i n g  
a x i s  and more in  the p e r p e n d ic u la r  a x i s .
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F e r r i t e  i s  a  ceram ic  c o n s i s t i n g  o f  mixed 
o x id e s  and h a s  th e  g e n e r a l  form ula MO 5 .5  0
where f o r  good permanent magnets. M, i s  e i t h e r  
barium o r  s t ro n t iu m . I t  i s  made by f i r i n p  
i r o n  o x id e  with  th e  o x id e  ( o r  c a rb o n a te )  o f  
th e  barium o r  s t ro n t iu m .  (The r e s u l t i n g  
m a t e r i a l s  a r e  a  m agn etic  compound o f  
h e x ag o n a l  c r y s t a l  l a t t i c e  with a s i n g l e  
p r e f e r r e d  a x i s  o f  m a g n e t iz a t io n  and a high 
m a p n e to c r y s t a l l in e  a n i s o t r o p y . )  T h is  i s  
fo l lo w e d  by c a r e f u l l y  c o n t r o l l e d  b a l l  m il l in # r 
in  w ater  to  g iv e  a  b la c k  s l u r r y  o f  c o n tr o l l e d  
f e r r i t e  c o n te n t .  The s l u r r y  i s  f e d  in to  a 
mould and p r e s s e d  to  e l im in a te  w a te r  and form 
a  com pact. T h is  i s  done while a  m agnetic  
f i e l d  i s  a p p l ie d  in  the d e s i r e d  m agnetic  a x i s .  
The b e s t  m agnetic  p r o p e r t i e s  a re  a t t a in e d  
when f i e l d  a x i s  and p r e s s i n g  a x i s  c o in c id e ,  
l i f t e r  e j e c t i o n  and slow d ry in g ,  th e  compact 
i s  f i r e d .  The f i n a l  f i r i n g  l e a d s  to  a 
marked l i n e a r  s h r in k a g e ,  but s in c e  the f e r r i t e  
i s  an a ssem b ly  o f  p l a t e l e t s  formed o f  c r y s t a l  
p a r t i c l e s ,  sh r in k ag e  i s  l e s s  in  th e  p r e s s in g  
a x i s  and more in  the p e r p e n d ic u la r  a x i s .
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I t  i s  d i f f i c u l t ,  a f t e r  f i r i n g ,  to  a ch ie v e  a 
b e t t e r  d im ension than  * 2# .  D s s e n t i a l  
s u r f a c e s  can be ground and f o r  f e r r l  te  
m agnets  bonded diamond w h eels  g iv e  th e  most 
e co n om ica l  r e s u l t s .  D ie s  a re  d e s ig n e d  to  
in c o r n o r a te  any n e c e s s a r y  h o le s  a t  the  
m e s s i n g  s t a g e .  In  the ' g re en ' s t a t e ,  the 
compact may be cu t  with c a r e ,  but a f t e r  
f i r i n g  they  become hard  and b r i t t l e .
A.s an a l t e r n a t i v e  to  p r e s s i n g  and 
s i n t e r i n g ,  the  re a c te d  powder may be bonded 
w ith  ru b b er  o r  nolym ers. and e i t h e r  p r e s s e d  
to  th e  r e q u ire d  shape to  g i v e  r i g i d  m agnets , 
o r  r o l l e d  o r  extruded  to  g i v e  a f l e x i b l e  
s h e e t  o r  s t r i p .  A c e r t a i n  d egree  o f  
a n i s o t r o p y  may be im p a r te d ,  depending on 
th e  amount o f  work done a t  th e  r o l l i n g  o r  
e x t r u d in g  s t a g e ,  and on th e  a p p l i c a t i o n  o f  
a  m agn et ic  f i e l d  d u r in g  t h e s e  p r o c e s s e s .
Such a  sh e e t  o r  s t r i p  can be cu t  to  r e q u ire d  
s i z e s  with k n iv e s .  A lthough rubber-bonded 
m agnets  a r e  s o f t ,  they  w i l l  b reak  i f  an 
a t t e m r t  i s  made to  bend them round too  
s m a l l  a r a d i u s .  P la s t i c - b o n d e d  magnets
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range  from s o f t  t o  m o d e ra te ly  r i r i d .  depending1 
on the r l a s t i c  u s e d  end the d ecree  o f  lo a d in g  
o f  m agn etic  m a t e r i a l .  A l l  b~nded magnets 
have a c o m n a r a t iv e ly  r o o r  r e s i s t a n c e  to  
a t r e s i a 1" .
C o b e lt  and t 1" “ r a r e - e a r t h  m e ta ls  form a 
s e r i e s  o f  i n t e T i e t s l l i c  compounds. n o tab ly  
BCo,.. where R i s  one o f  the  r a r e - e a r t h  
e le m e n ts .  ^ r e s e n t  o ro d u c t io n  i s  based  
m ain ly  on c o b a l t - s a m a r iu m .  They owe t h e i r
nermanent magnet p r o p e r t i e s  to the extrem ely  
h igh  m a g n e t o - c r y s t a l l in e  a n i s t r o p y  o f  t h e i r  
hexagonal c r y s t a l  s t r u c t u r e .  T h is  i n t e r -  
m e t a l l i c  compound i s  formed by m e lt in g  
c o b a l t  and a s l i g h t  e x c e s s  o f  samarium in  
an i n e r t  a tm o sp h ere .  C r y s t a l s  o f  near  
s in g le - d o m a in  s i z e  a re  oroduced by b a l l  
m i l l i n g ,  a g a in  w ith  s t r i n g e n t  p r e c a u t io n s  
a g a i n s t  o x i d a t i o n .  A f i e l d - a l i g n e d  compact 
i s  o r e s s e d ,  fo l lo w e d  by s i n t e r i n g ,  in  an 
i n e r t  a tm osphere  a t  a c a r e f u l l y  c o n tr o l l e d  
tem p eratu re  and a c o n t r o l l e d  c o o l in g  to 
room t e m p e r a tu r e .  M agn et iz in g  r e n u ir e s  
e x tre m e ly  hi mb e f f e c t i v e  f i e l d s .  ^ re o u e n t ly ,  
-fcVio ¡a p p l ic a t io n  c p the p o c e s sa r v  f i e l d  may be
17*
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d i f f i e u l t  in  a  com nleted a ssem b ly  and p re -  
m '- m e t iz in p  w ith  su b se cu e n t  a ssem bly  may be 
n e c e s s a r y .  The m a t e r i a l  i s  b r i t t l e  and o f  
r a t h e r  low m ech an ica l  s t r e n g t h ,  and a lthough  
co n v e n tio n a l  v r in d in v  w heels may be u se d ,  
diamond s l l t t i n v  w heels a r e  n e c e s s a r y  to  cut 
t h °  m agn ets .
tTa g e n t s  may a l s o  be produced by bonding 
th e  RCo^ nowder with polym er and c r e a s i n g  in  
a m a gn e t ic  f i e l d  to  the  r e q u ire d  s h a r e .
A ln ic o - ty o e  magnets have s u p e r i o r  m agnetic  
c h a r a c t e r i s t i c s ,  but i t s  m ajor  m a t e r i a l s  a re  
c o b a l t  and n i c k e l  which a r e  v e r y  s c a r c e  and 
t h e r e f o r e  v ery  e x r e n s iv e .  e s r e c i a l l y  c o b a l t  
a s  i t  i s  in  r a t h e r  l im i t e d  sun n ly  i n t e r n a t i o n a l l y .  
B ecau se  o f  t h i s ,  the demand f o r  f e r r i t e - t y n e  
magnets (which m ainly  c o n s i s t  o f  i r o n  oxide) 
i s  r e c e n t l y  i n c r e a s i n g .  however, i t s  mag­
n e t i c  c h a r a c t e r i s t i c s  are i n f e r i o r  t o  those  o f  
an M n ic o - t y r e  magnet. And the m agnetic  
c h a r a c t e r i s t i c s  o f  t h i s  type o f  magnet have 
a l r e a d y  been r e f in e d  c l o s e  to  th e  t h e o r e t i c a l  
l i m i t .  T h e r e fo r e ,  th e  development o f  a new 
m a m e t .  which does not r e l y  unon e i t h e r
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c o b a l t  o r  n ic k e l  and s t i l l  h as  h igh  m agnetic  
e n e rg y ,  i s  in  demand.
In  re c e n t  y e a r s ,  a  new a n i s o t r o p i c  p e r ­
manent mapnet o f  no n -exn en siv e  a l l o y  comnonents
27.28
h a s  been d ev e lo ped  in  J a p a n .  The new magnet 
i s  made o f  manganese, aluminium and carbon 
which a re  abundant, i n s t e a d  o f  c o b a l t  and 
n i c k e l  which a re  r a r e  and e x p e n s iv e .  The 
J a p a n e s e  a l s o  c la im  t h a t  th e  new magnet h a s  
m agn et ic  energy  com parable  with the Alnico 
ty p e  mapnet which c o n t a i n s  much c o b a l t  and 
n i c k e l ,  and h a s  advanced m echan ica l s t r e n g th  
and pood m a c h in a b i l i ty  i n  th a t  i t  can be 
sh a re d  and d r i l l e d .  The a n i s o t r o p i c  
d i r e c t i o n a l  p ro p e r ty  i s  nroduced by a warm- 
e x t r u s io n  method which d o e s  not need m agnetic  
f i e l d  d u r in p  th e  e x t r u s i o n  p r o c e s s .
Althouph th i  s  a l l o y  h a s  an a t t r a c t i v e  low
raw m a t e r i a l  c o s t ,  i t  i s  not w id e ly  a v a i l a b l e  f o r
commercial a p r l i c a t i o n s  y e t .
In  19B3 th e r e  was a  r a c e  between «m ericanop
and J a r a n e s e  r e s e a r c h e r s  to  d ev e lo p  a new type 
o f  mapnet which could  l e a d  to  a new g e n e r a t io n  
o f  n^rmanent mapnet m o to rs  which, i t  wa" c la im e d , 
would bp more e f f i c i e n t  and c h e a r e r  than e r i ^ t i n p  
m o t o r s .
TTagnet Behaviour in Disc T/rotors Chanter A
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Towards the end of 1963, th e  Ja p a n e se  
company, Sumitomo B r e c i a l  M e ta l s ,  cla im ed to  
have d ev e lo ped  sam ple s  o f  a new m agnetic 
m a te r ia l  which can rro d u ce  f i e l d s  eou al to  
th o s e  o f  th e  most pow erfu l e x i s t i n g  magnets 
b u t  which co u ld  be Produced r t  a much lower 
c o s t .  Meodymium i r o n  i s  c la im ed  to  p ro v id e  
s u p e r i o r  m agn et ic  p r o p e r t i e s  a t  a p o t e n t i a l l y  
l o Tie r  c o s t .  it p r e s e n t ,  th e re  i s  no 
independen t a s se s sm e n t  of the  l i k e l y  im pact 
o f  th e se  new m a t e r i a l s  on the d es ip n  and 
perform ance o f  e l e c t r i c a l  m achines. But 
e x p e r t s  i n  the  U .S .  and Jap an  b e l i e v e  t h a t  
m otors  u s in p  t h i s  m a t e r i a l  co u ld  r e p la c e  l a r g e r  
in d u c t io n  m otors i n  most a p p l i c a t i o n s  r e q u i r in g  
more than 1 50W o f  power, and t h a t  such m otors 
co u ld  have a p p l i c a t i o n s  r a n g in g  from k itc h e n  
a p p l i a n c e s  to  l a r g e  i n d u s t r i a l  d r iv e s  and t h a t  
th e  m a t e r i a l  cou ld  le a d  to  a b reakthrough  in  
e l e c t r i c  v e h ic l e  m o to rs .
C u r r e n t ly ,  th e  c h e a p e s t  magnets a re  made 
from F e r r i t e .  but t h e i r  enerpy i s  l im i t e d  and
th ey  can be pised e co n o m ic a l ly  only  in  sm a ll  
e l op-tric n o t e ' s .  ’ 'o r  1 armor n'-Mr«!. mapnets 
from sam ar iu m -co b a lt  oT,e r e q u i r e d .
179
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R e s e a r c h e r s  c la im  t h a t  a neodvmium r e r n e t  
cou ld  y i e l d  an energy  l e v e l  a s  h i  eh a s  
s a m ar iu m -c o b a lt  maenets bu t  a t  a c o s t  s i m i l a r  
to  th o s e  o f  f e r r i t e  m apnets .
In  19R4, TG T e c h n o lo g ie s  o f  I n d ia n a  s t a r t e d  
m a r k e t in f  t h e i r  own r e m a n e n t  m a g n e t ic  m a t e r i a l  
o r o d u c t s  under  th e  l a b e l  fe lG T  ( ^eodymium-Tron-
3 0
B o r o n ) . ip p e n d ix  4 shows some o f  th e  n r o p e r t i e s  
and c h a r a c t e r i s t i c s  o^ t h i s  m a t e r i a l .
Chapter 5 M otor C o n stru c t io n  and
Perform ance  T e s t in g
5 .1 K o to r  C o n s tru c t io n
The motor c o n s id e r e d  in  t h i s  s e c t i o n  i s  
b u i l t  to  the s p e c i f i c a t i o n  g iv en  in  T a b le  5 .1 .  
Armatures u s in g  b o th  s o l i d  and s k e le t o n  forms 
a re  e x p la in e d  and a  com parison  made o f  t h e i r  
c o n s t r u c t io n .  F i g u r e  5.1 shows th e  
pro d u ctio n  ch a r t  o f  th e  p ro to ty p e  m otors  which 
were b u i l t  i ”  the U n i v e r s i t y .  The c h a r t  
d e t a i l e d  t h a t  the  s t a t o r  and the arm ature  
c o n s t r u c t io n  may be nerformed c o n c u r r e n t ly  i f  
n e c e s s a r y  up to  f i n a l  a sse m b ly .  Although 
twin r o t o r  motor, s i n g l e  r o t o r  v e r s io n  and D.C. 
g e n e r a to r  a re  b e in g  oroduced , the m echan ica l 
d e t a i l s  o f  each a r e  i d e n t i c a l  and th e  same 
comoonents, magnets and t o o l s  a re  u se d  in  
t h e i r  m anufacture ( F ig u r e  5 .2  to  5 . 4 Ï .
A s h a f t  i s  made up o f  m ild  s t e e l  which 
has  a key way on i t  t h a t  lo c k s  th e  arm ature 
hub o f  the r o t o r  o n to  the s h a f t .  The 
b e a r in g s  u sed  f o r  th e  twin r o t o r  u n i t ,  which 
were o b ta in ed  from th e  SFF Company, a re  
c a o a b le  o f  running w e ll  above 4000 r .p .m .
\ s t e e l  hub such a s  the one shown in  1
1 » 1
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Chapter 5
Figure 5.2 is used as an integrated central 
part of the armature to provide reliable 
mechanical engagement between rotor and 
shaft. The four pin keys have the role of 
keying copper winding to the hub through the 
plastic matrix surrounding them and the 
winding.
5.2 Stator
The mechanical details are conventional 
with extensive use of aluminium alloy. The 
twin rotors have one central partition, two 
outer ring casings, two side casings and two 
end caps. These parts enclose two separate 
housings each of which accommodate one rotor. 
The central aluminium partition has an outer 
circumference of ring form and eight sector­
shaped cuts through which eight long (84mm) 
magnets are tightly fitted. The centre of 
this partition is designed to form a cylin­
drical through hole with enough room to house 
two inner roller bearings. In order to 
secure full integration between this central 
bearing housing and the rest of the partition
Motor Construction and Performance Testing
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un^er abnormal conditions of mechanical 
service, eight radial ribs, between the 
inner and outer rings, are introduced in 
the design.
The side casings are funnel shaped with 
side toothed protrusions extending beyond 
the magnet casing dimensions to accommodate 
the brush gear and commutator. This gives 
the added facility of allowing the brushes to 
be removed without dismantling the brush 
assembly. A.s is well known, the magnets 
are not fully effective unless the two sets 
are in alignment. This was achieved by 
having slotted holes in the side casings for 
the fixing screws, thereby allowing the 
magnets to be self-aligning.
The end caps which house the outer ball 
bearings also hold the brush gear. The brush 
holder ring assembly which is shown in Figure 5 .* 
consists of eight-off sheet brass brush holders 
mounted on class 'F* epoxy resin glass fibre 
ring. The ring is made with slotted holes 1
Kotor Construction and Performance Testing
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for the fixing screws, so it can be slightly 
rotated about the geometrical neutral axis.
By adopting such a design it is possible to 
perform the required adjustment to locate 
the electrical neutral axis conveniently; 
by slightly loosening the fixing screws with 
an Allen key through the brush removing 
openings. As in previous prototypes, the 
advice of a brush manufacturer has been 
sought regarding brush grade and size for a 
machine of these dimensions, power and speed. 
Korganite metal/impregnated brushes of the 
grade DM4A, are finally specified.
Figure 5.7 shows photographs of the stator 
components of a twin rotor motor.
The early task in constructing any proto­
type disc armature motor is the specification 
of the magnets as the small quantities that 
are generally required often take some time 
to be produced. Occasionally, the magnet 
manufacturer will have a standard shape which 
is close to that designed - in this situation 
it may be worth re-designing the motor so 
that this can be used. However, for the 
20 k.W. motor and subsequent versions,
Tntor Construction end Performance Testing
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purpose-made segments of the Feroba III are 
specified and these are cut close to the 
desired shape from a magnet slab because 
the magnet manufacturers cannot produce 
magnets of a length in excess of 26mm due 
to manufacturing difficulties. Therefore, 
to produce magnets of over 26mm, a multilayer 
construction has to be used.
After delivery, the magnets are checked 
for the dimensions and tolerances stated in 
the drawing and physically inspected to ensure 
that it is free from loose chips and 
imperfections which would result in chips or 
particles under normal conditions of service.
A chipped edge or surface can be tolerated 
provided it does not extend to more than 20# 
of the edge or 1 0# of the surface and is 
otherwise in agreement with the drawing.
In general, even with good manufacturing 
control, some minor mechanical imperfection 
is unavoidable. The imperfections such as 
minor cracks, norosity. voids and shrinkage
cavities do not constitute reasons for r-p,1ection.
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'Sumlied wi th th° TT^msts are den^imetisa+ion 
curves of the Ions' and short m^mets (Fipure 5.8). 
\ comparison of these curves wit>' the standard 
cvrve used in the desipn. indicates that the 
lon<r mapnet has lower characteristics than the 
short and/or standard m^snet due to the larper 
number of layers used to construct it. Tt may 
therefore be assumed that the mapnets suprlied 
are not within the suecification and that the 
field will not be as rredicted. In order to 
prove the contrary, it is important to carry 
out an accurate measurement of the flux on the 
actual magnetic circuit. For this purpose a 
magnetic circuit test rip was built (Fipure 5.9). 
The test rip was desipned to hold the mepnets 
in the same position as that of the stator and 
to simulate the orip^nal mapnetic circuit con­
ditions, a dummv shaft and the necessary flux 
return rinps are used.
A Fapnetech MIF-1 Digital Inte^Tatinp flux 
meter is used to measure the flux usinp the 
search coil technioue (Fipure 5.9). The dipital 
display pives a direct reading of flux in milli- 
'eber—turns. The meter operates on the basis 
that when a coil is moved thr<vmv' e m^imetic 1
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This voltare is T'rnnort1 oral to the rate of change
of magnetic field and the number of turns on the
coil
rated with respect to time, then the total flux
formed using a conventional integrating circuit
The measurement of the flux of the twin rotor
disc armature motor shows that the flux oer noie is
1.23 milli-’Veber which is higher than the predicted
This flux improvement is related to the
lower 1 os3 factor of the magnetic circuit of such
construct!on due to the cancellation of the centra"1 
flux return rings (two) and their associated reluctance 
The measurement of the flux of the single version 
disc armature motor shows that the flux is 1.16 milli-
Veber which is identical to the predicted value
However, the single version disc armature motor is 
employing short magnets only, therefore the measured
Tn fact the measurements were repeated after 
the motor was subjected to high starting current 
in order to deduce whether there is a flux
reduction d\ie to armature reaction or mechanics"1
The result showed that there is no
such reduction in flux
'he
 n
e/
me
ti
c 
ci
rc
ui
t 
te
at
 H
e 
an
rj 
th
e 
Hu
v 
rn
et
ne
PO ^
Mn
mp
t 
no
i p
p 
fi 
xp
^ 
on
 +
hp
 f
lu
x 
re
tu
rn
 T
int
'
Chapter 5
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Magnets are joined to flux return rings, 
as shown in Figure 5.10, by the use of modern 
adhesives. The adhesive used is Loctite 317 
with loctite NF activator which provides a 
quick curing process. The surfaces to be 
joined must be ground flat, in order that the 
gap is kept to a minimum. To obtain bonding 
of high strength, both surfaces which are to 
be bonded together are cleaned with methylated 
spirits.
5 .3 Armature
5.3.1 The Main Winding
The armature consists of two double layer 
coreless windings. These two windings are 
positioned back-to-back and the end windings 
of each face in opposite directions towards 
either set of magnets, wrapping over above and 
below the magnets. Each single double layer 
winding is constructed from pre-formed wire- 
wound coils which are individually formed by
204
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winding enamelled copoer wires on a specially 
made-up former. Then the coils are 
assembled on a winding jig and bonded to each 
other by strings with the side of each coil 
directly underlying the side of another coil 
and the complete winding is therefore disc 
shaped.
This assembly is made oossible by bending 
the ends of the coils up, so that they no 
longer lie in the plane of the disc. One 
side of each coil is longer than the other, 
by an amount that makes it possible for the 
end windings to nest closely together in an 
annular array with the ends of each coil 
fitting between the ends of an adjacent coil. 
Because of the unconventional nature of the 
armature, prototypes are constructed in the 
above described arrangement completely by 
hand.
Once the individual coils are assembled 
as the winding shown in Figure 5.11 f they ere 
soldered to the commutator which is a 
production item. For the soldering operation,
Kotor Construction and Performance '"esting
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a wooden jig is used to hold the winding 
against the commutator in its correct 
position above the winding. Each single 
coil of one double layer is connected in 
series to the corresponding back coil of 
the other double layer and the other end of 
the coil is then connected to adjacent 
commutartor segments. Therefore, the final 
winding is a simple lap winding of four 
layers and eight turns per coil. Then the 
strings are replaced with a special tape 
which can withstand high temperatures.
Finally, the whole armature is pressed 
gently and put in an electric oven at 120°C 
for approximately one hour to remove the 
stress introduced into the coil when being 
formed and to cure the tape.
5.3.2 Equalizer Connections
A simple lap winding has as many parallel 
paths as poles, and each parallel path is made 
up of coil sides which lie under two adjacent 
poles. If the flux under all poles is equal, 
the e.m.f. induced in all parallel paths will
Kotor Construction and Performance Testing
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be equal. But in practice, it is possible 
that the e.m.f. induced in various parallel 
paths may not be equal owing to the following 
reasons:
i) there may be a difference in the 
values of reluctance of magnetic paths of 
corresponding parts of the flux return ring.
ii) the length of air gap may not be 
the same under all the poles owing to some 
defects in machinery or in assembling.
iii) the poles may have different 
strengths owing to defects in manufacturing.
iv) the coils may have inaccurate 
positions resulting in unsymmetrical winding 
about a pole-pair owing to some error in 
armature assembling.
The unequal values of e.m.f.s generated 
in different paths gives rise to resultant 
e.m.f.s which act across the armature windings. 
These e.m.f.s acting across the local armature 
circuit oroduce large circulating currents as
Motor Construction and Performance Testing
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the armature resistance is very small. These 
currents flowing through the brushes, result
in considerable inequality of brush arm
2currents, giving rise to I R losses in the 
winding on no-loac^ and adding to the losses 
on full-load both in the winding and brushes. 
They also introduce commutation difficulties, 
causing over-heating and sparking. In order 
to rid the brushes of these circulating 
currents, equalizer connections are used.
These equalizer connections or equalizers 
are low resistance copper conductors which 
connect those points in the winding which, 
under ideal conditions, have no difference of 
potential between them. If there are 
differences of potential between such points, 
as is normally the case, equalization of 
potential will result from the flow of current 
through these low resistance conductors which 
bypass the current. This bypassing of 
circulating currents relieves the brushes of 
excessive loading to which some of them would 
otherwise be subjected. Figure 5.12 shows 
part of a 72 segment, 8 pole machine. The
Chapter 5
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points indicated by P1, Pg, P^, each of which 
occupy identical positions with respect to 
poles of like polarity, may be connected in 
the manner indicated at the bottom of the 
diagram. It is clear that the points which 
are to be connected together must be two 
pole pitches apart. The connections were 
taken from corresponding commutator segments 
(segments to which coils two pole pitches 
apart are connected). The equalizer connec­
tions are in the form of rings in which case 
they are known as equalizer rings.
The perfect arrangement is to equalize 
the potential of all the coils but it is not 
possible in practice as the number of 
connections becomes very large. It is 
usual to have 5 to 20 rings, each having as 
many coils connected to them as the number 
of pairs of poles.
The distance between coils of the same
potential
en Tots1 number of coils 
pair of poles
21 2
Gc = ?Gc coils
p/2 P
5.
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Ygr] is the equiDotential pitch and is 
expressed in terms of coils and Cc is the 
number of coils.
Total number of tappings = number of 
rings x pairs of poles.
Total number of tapnings = m x P = mp
2 2 5 . 2
Where m eauals the number of eoualizer rings. 
Distance between adjacent tappings is equal 
to the total number of coils divided by the 
total number o* taps.
Which is
Y ,_ = ° c  = 2Gc c o i l s  5 .3ph ----- —
m x £ mp
2
Yph is the phase pitch and is expressed 
in terms of coils.
In order that eoualizers may be used, 
the armature winding must be symmetrical 
This requires that the number of commutator
Kotor Construction and Performance Testing
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segments is a multiple of pair of coles
It is to be noted here that there are
winding even if the magnetic circuits under 
different coles are not uniform, as in this 
winding the coil sides form a parallel path 
and are distributed over all the poles and 
hence all the parallel paths are affected 
equally by the asymmetry in the magnetic 
circuit. Thus there is no necessity to 
provide equalizer connections for a simple 
wave winding.
After the whole armature winding has been 
formed, it is necessary to provide it with 
mechanical strength and rigidity. One way 
of achieving this is to encapsulate the
armature in epoxy resin
Since there is only a small clearance 
between rotor and stator over a considerable
Chanter 5
radial distance, it is important that the 
encapsulated armature disc has extremely good 
dimensional stability which is maintained 
even under extreme operating conditions.
The solution to the problem of tailoring 
epoxy resin to meet specific requirements is 
a difficult task. The approach must begin 
with a basic understanding of the conditions 
under which the resin will be used.
The factor that dictates the choice of 
a particular epoxy formulation is initially 
the operating temperature of the armature 
and material selection is mainly determined 
by its ability to withstand thermal shock 
and thermal cycling without deterioration 
to their initial mechanical strength.
To fulfil these criteria often means that the 
resins must have good adhesion which make it 
particularly suitable for moulding around 
metal inserts even in thin sections. In 
this case, material of low viscosity is 
required, i.e. a thin resin must be used to
21 6
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prevent the occurrence of voids and to allow
the winding to be thoroughly coated
Another essential requirement of epoxy 
resin used in the encapsulation of armature
winding is the low shrinkage factor to 
minimise stress during the cure period so
that the resin will not crack or separate
from components. For this reason, a resin 
with a low curing temperature is often 
preferable. In addition, the thermal 
expansion coefficient of the resin must be
matched tc that of the armature component 
as closely as possible to prevent the resin 
parting from the copper material of the 
winding during the cure and post-cure 
periods. Only epoxy resins capable of 
class F service, and providing mechanical 
support over this range of operating tem­
peratures, must be employed.
The inherent heat generation associated
Chapter 5
with armature ooeration mode imposes the use 
of enoxy resin of a relatively high thermal 
conductivity in order to dissipate such heat 
and reduce the danger of excessive tem­
perature rise which may damage the winding 
insulation and/or degrade the physical and 
mechanical properties of the disc.
In addition to choosing an appropriate 
epoxy system, each resin may be altered by 
the use of inorganic fillers. These 
improve the mechanical properties of a 
resin by reducing the quantity of organic 
material and hence the amount of shrinkage 
during cure. They also impart better 
thermal properties to the resins.
5.3.4 Mould
Having chosen the proper epoxy resin 
system and the right filler, a steel mould 
for the armature is designed and manufactured, 
the general arrangement of which is shown in 
Figure 5.13«
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The mould was constructed of five parts 
to ensure there was no undue strain on the 
armature during disassembly. These can be 
identified in Figure 5• 14which shows the 
mould partially dismantled. To ease the 
removal of the armature from the mould, all 
long edges that lie in the axial direction 
are offset slightly from this axis. A 
suitable taper of 3° was chosen, which was 
large enough to be of some assistance to 
this, and also small enough not to interfere 
with the machine' 8 designed dimensions.
The armature hub and commutator which 
fits onto the motor shaft is positioned in 
the lower half of the mould and fixed in 
position by a dummy shaft which is itself 
located in the top half and in the base 
plate of the mould.
The epoxy resin is injected through the 
central hole in the filling plate. It then 
passes through twelve inner holes in the top 
mould and is then pushed out through twelve 
outer holes.
Chapter 5
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To commence the disassembly, five threaded 
holes were introduced throu^i the periphery of
the filling plate and the top half
The holes of the two parts are nositioned
alternately so that the filling plate can be 
jacked away first and then the top half 
removed. The base plate and the dummy shaft
The armature is then
released by pressing the commutator gently
to fit the armature gently inside the mould
the armature thickness is at the specified 
value and to check that the armature coils
are in the right position. After approx­
imately ten hours, the mould is disassembled 
and the armature is checked again. If the 
thickness of the armature and the position of
the coils are correct, then it is ready to
Bncansulation
A releasing agent is ao-'lied to all 
interior surfaces before moulding to ease
the armature extraction, and the join 
between the base nlate and the flanged base 
is sealed with silicone rubber (in fact 
this is apolied to all subseouent joins 
between mould narts whenever they exist).
Then the armature is loaded into the mould 
and the encapsulation process is carried 
out after pre-heating the armature, mould 
and resin to approximately 60°C. Sufficient 
resin constituents are prepared and these 
de-aired and mixed as required. During this 
time, the mould is vacuumed and the pressure 
is reduced to 5mbar. At this stage, the 
preoared «poxy resin is poured into the 
chamber, valves are opened to allow rosin 
to be drawn into the mould, and the vacuum 
valve is closed. When the resin has ceased 
to flow into the mould, the chamber, the 
valves and the pipework are disconnected and 
removed from the mould. All the equipment 
is then cleaned by a suitable cleaning agent 
(acetone or cellulose thinners) before the 
compound has hardened. Then the mould is 
left in an oven at 100°C for at least 10 
hours. Subsequently, the mould is removed 
from the oven and allowed to cool for at
Chapter 5
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least one hour. Finally the mould is 
opened and the encapsulated armature is 
removed from the mould. It is then 
necessary to check the armature thickness 
again, to make sure that it does not exceed 
the required value. Once this has been 
done, the commutator seinnents are undercut, 
the armature is balanced and it is then 
ready for installation in the motor (Fig. 5.15).
Although the encapsulation process 
just described is a slow and time-consuming 
procedure, it is very suitable for prototype 
work. Techniques are available today to 
perform such operations to produce smaller 
armatures much more quickly, and on a 
commercially viable basis. The armature 
was encapsulated by Robnorganic Systems ltd. 
and the moulding material used is an epoxy 
resin type PX237C (the specification is 
detailed in Table 5.2) which was supplied 
by the same company.
later sections discuss the problems of the
Chapter 5
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Coatings Form ulated 
Silicones and Epoxy 
Resins Encapsulation 
of Electrical and E lec­
tronic C om po nents - 
Robnor T w in  - Packs 
for Epoxy. Po lyure ­
thane. Polyester Resins 
and Silicone Rubbers
#•
D irec to rs : Peter Kerfey G  C  N S nelgrove  M  D  H em plem an Registered m England No 664718
Table 5.2: ROBXOR EPOXY CASTING RESIN PX 237C
Tliis rosin system is a warm curing casting system ■formulated for the encapsulation of electrical components. It possesses particularly good resistance to thermal cycling and to thermal
shock.
It can be supplied in any of the standard range of colours 
or its natural colour which is a light cream.
Mi xing
If in twinpack form, mixing is carried out as described in the 
twinpack literature. If in bulk, the resin and hardener are 
mixed in the ratio 1 7 *2 .
The usable life of PX 237C when mixed is as follows
Curing
Cure the system for
1 2 hours at 20°C
U hours at t*o°c2 hours at 60°C
at least : -
2U hours at 60°C
10 hours at 80°C
U hours at io o °c2 hours at 1 20°C
Properties
Initial Viscosity 
Specific GravityResistance to Heat (continuous) 
Thermal Conductivity Electric Strength Volume Resistivity
Coefficient of Expansion Deflection Temperature
Elasti ci ty
50-60 poises
I . 5 6120 °C .7 x lO” cal/cm C 110-120 kV/cm 
>1.5 log1Q ohm cm
i». 5-5.0 x 10-5 linear/°C
1 30°C improved by extended 
post cure* 2
2 7 0 -3 3 0 kg/mm (unfilled)
XQTPS
ri r>nni nc eqni nncnt
All erpii pro on t must be cleaned before the compound has hardened. Acetone or cellulose thlnners are suitable cleaning agents,
plastic used to encausulate the armature wi r.^ inp- 
which eventually led to adopting a skeleton 
armature structure. In order to produce such 
an armature, a modified core of Tufnol 
material was designed (see Figure 5.33 (a)).
This has slotted holes around the wide 
flanged end (non-commutator side) to fix 
the main winding to it by special tape.
The processes for building skeleton 
armatures are the same as for the encapsulation 
process up to the stage of making the 
armature ready for encapsulation. From this 
point, the procedure of this alternative 
method diverges from the encapsulation method. 
The armature is wrapped with heat-curing 
glass-fibre tapes and dipped into a polyurethane 
varnish (p. varnish) bath for several minutes. 
Then it is taken out and drained until the 
p. varnish spreads out on to the armature 
coils. Then the armature is loaded into 
the mould. Finally, the mould is put into 
an electric oven at 1 50°C for approximately 
seven and a half hours. Then the same 
procedure is carried out as when finishing off
Chanter 5
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the encapsulation Process for the armature.
A typical armature, which has been cast by 
dipring it into a p. varnish bath is shown 
in Figure 5.15.
The method mentioned above is very 
simple and straightforward. Also it offers 
some attractive advantages since p. varnish 
is applied only to the surface of the 
armature coils, heat dissipation becomes less 
of a problem. As there is no pre—preparation 
or mixing for the material used in this method 
and the amount of it is all that is required 
as the aim of this method is only to provide 
rigidity for the armature windings, so this 
method has the advantage that the armature 
will have less weight than if the method 
described in Section 5.5-5 had been used. 
Consequently the cost of material is reduced, 
there is less waste, and this method requires 
less supervision.
5 . 4 Test Rip and Instrumentation
The diagrammatical layout of the test rig 
is shown in Fieure 5.17. a Ward Leonard
Charter 5
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system was used to carry out the load test 
of the machine. It is known that in this 
system an induction machine and a D.C. 
machine set are mechanically connected, as 
shown in Figure 5-18, and another D.C. 
machine (Figure 5-19) is coupled mechanically 
to the test machine. These two sets are 
electrically connected. Having variable 
field excitation o‘r the two D.C. machines 
enables the load of the test machine to be 
controlled as well as allowing the test 
machine to run as a motor or generator.
As far as the disc machine is concerned, all 
tests which are given in this Chapter were 
obtained when the machine was running as a 
motor. Power for the disc armature motor 
is derived from a separately excited D.C. 
machine which is coupled to an induction 
motor (Figure 5.20).
Output torque from the motor is 
measured using an A.SE*. 'Torductor' (type 
5 gq3 _ 719/A) which enables accurate measure­
ment of tornue to be made (Fiiture 5.14).
Its oneration derends on the fact that in a
Chapter 5
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shaft subjected to torsional stress, changes 
occur in the permeability of the shaft.
This unit consists of one central set of 
excited coils and two identical pick-off 
coils connected in opposition. Each ring has 
four pole windings distributed around a 
central shaft in a similar fashion to a stator 
of a radial machine. The central shaft, 
which is used to connect the experimental 
machine to the load, acts as the rotor and 
consequently as a magnetic return path.
When there is no torsional stress on the 
shaft, the flux linking both pick-off coils 
is identical and the voltages induced in these 
coils cancel each other out. When the shaft 
is put under stress the field is distorted 
and the two induced e.m.f.s are no longer 
equal, giving a resultant output in propor­
tion to aonlied stress. The output was 
recorded by using a digital multimeter.
This measuring torque-meter does not require 
direct contact to the rotating shaft, there­
fore it provides an ideal method for shaft 
torcue measurement. The torque unit was
calibrated against apolied weights as shown 
in Figure 5 . 21 .
Chapter 5
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One cress button digital hand tachometer, 
which is shown in Figure 5.22, was used to 
measure the output shaft speed of the disc 
machine. The instrument works on the 
orinciple of counting the number of 
revolutions of the shaft by detecting light 
reflected by a reflective marker fixed on 
the shaft. The meter is fitted with auto­
matic range selection of an accuracy ^1 
digit for the range between 1000 - 1OOOO RPM.
A number of thermocouple sensors of 
nickel and chromium wire were inserted at 
different spots on the magnet poles, motor 
case and bearing case, to measure the 
temperature of the stator parts. A 2751-K 
series digital thermometer with a 1 2 -channel 
switch was used. The instrument has an 
accuracy of ^0 .2^ of the reading and 
temperature range is 0 to 450°C.
Chapter 5
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A Wall heat-spy digital infra-red 
thermometer model DHS-8E was used to measure
259
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the temperature of moving armature (see 
Figure 5. 23)• The heat-soy instrument 
measures temperature hy detecting the 
infra-red energy emitted from the measured 
source. The amount of energy emitted is 
proportional to the body temperature. Heat- 
spy collects this energy by means of fixed 
focus optics onto a sensitive detector and 
reads out directly in degrees Centigrade.
It is faet because it collects the infra-red 
energy at the speed of light, and the 
detector has a very low mass. The time 
constant is 0 . 1 second, about 1 0 times 
faster than conventional contact methods. 
Measurements are displayed in less than one 
second. The display is a LED digital 
readout with a range of 0 to 500°C. When 
the above temperature is exceeded, the 
readout will blink, indicating overrange.
The meter up-dates at the rate of 5 times 
per second. The detector responds to 
temperature change (9B^) in 0.4 seconds.
The meter utilizes an internal light snot 
projector which illuminates the target area
Motor Construction and rerformance Testing
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being measured. The DHS- 8  measures a target 
size of 5mm at 25mm (see Figure 5.24). 
Therefore, the heat-spy surface thermometer 
is a nractical, rugged and ideal instrument 
for measurements of temperature in rotating 
machinery.
5.5 Tests and Results
Motor Construction and 1'erformance Testing
Prior to carrying out load tests, the 
brushes were first 3et to the optimum position. 
A series of preliminary tests were then carried 
out followed by the following main tests (all 
the results which are included in this 
Section are obtained from testing a single 
rotor version using a skeleton armature).
a) No Load Tests
These tests were carried out with the 
rotor output coupling disconnected. Input 
povrer and speed were measured for a range of 
supuly voltages. Tests were repeated with 
scaces between magnet coles filled with 
wooden wedges to form a complete ring
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(see Figure 5.25). The results are shown in 
Figure 5.2C which include the early no load 
test of solid armature discs, for comparison
nurposes
In the first running light test of the
single rotor version usiner solid armature
(96V, 4200 rev/min), the motor was found to
be drawing excessively high currents, and 
high temperatures were observed on the shaft 
Initially the current was 8A and in later 
tests currents of 10A and 12A were observed.
After consulting the bearing company, all the 
bearing seals were removed. This reduced the 
current to 5.8A which is close to the design
value. No such problems were encountered when
the twin-rotor machine was tested, because the
bearings specified were of a different make, 
type' and size (see Section 5.1 ). In tests 
carried out on early twin and single rotor 
motors, the temperature rise on the casing had 
not levelled out, even when the motor was 
running light. It was evident that a form of 
natural or forced cooling must be introduced.

As a first measure, it was suggested that 
ventilation holes, which may be pluggable 
for comparison purposes, be drilled in the 
periphery of the casing. Therefore, in 
the final version, apertures have been 
appropriately dispositioned in the motor 
frame to allow natural ventilation. The 
disc shaped structure of the motor allows 
effective self-ventilation and a good flow 
of air through the motor was observed. As 
an example, steady-state temperatures were 
recorded after running light for two hours 
as follows: armature 58°C; commutator 40°C; 
magnet 35°C; frame 35°C; ambient 18°C.
b) Load Tests
Luring the preliminary tests it was 
found that the motor speed for any set 
voltage and motor load was extremely sensitive 
to temperature. To obtain consistent per­
formance data therefore, all load tests were 
carried out with the motor at high temperature, 
where temperature changes were small over the
Chapter 5
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period of each test. Performance data at 
24, 48, 72 and 96 volts are given in 
Figures 5.27 to 5.50.
Load test results from (1) twin rotor 
motor, (2 ) single rotor version of enclosed 
design and (3 ) single rotor version of 
ventilated design shown in Appendix III.
Noting that (a) all these motors use 
a solid armature of steel hubs of four keying 
pins structure which have high magnetic 
stray losses (as explained later); (b) the 
lack of ventilation in motor (1 ) and (2 ) which 
led to the high temperature of operation;
(e) the type of bearings in motors (2 ) and
(3 ) have abnormally high'losses; (d) the 
low flux per pole and higji armature 
resistance (due to a manufacturing fault in 
the magnets and armature) in motor (3).
Taking account of all the above facts, the 
characteristics of all these motors which 
were measured at different voltages are 
broadly in accordance with the expected 
performance (Figure P.31).

But of all solid armatures, none with­
stood a heat run test. The failure sequence 
appeared to start from the core of the disc 
causing major cracking at a radius somewhat 
less than d 1 in the area of the four keying 
pins. The excessive heat caused severe 
swelling of the encapsulant around the hub.
The swelling in this area led to the disc 
running on the magnets at the inner magnet 
diameter, causing short circuits, and sub­
sequent over-heating of the failed coils 
and breaking up of the outer rim. A redesign 
of the disc core in order to reduce the 
amount and thickness of encapsulation and 
reduce the drastic variation in the amount 
of encapsulant around the core and key pins, 
was necessary. A new core as the one 
shown in Figure 5.5 (b) was produced. In 
addition to redesigning the hub, the main 
winding was wrapped in fibre-glass tape 
which j s cured by heat treatment to 
reinforce the encaps\ilation as shown in 
Figure 5 .5 ?. The reinforced winding was
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nhysically sound. As a result, a decision 
was taken to produce a skeleton armature 
without any clastic moulding using a steel 
core, as shown in Figure 5.53(h). All the 
modifications mentioned above still do not 
include any vital alteration to reduce the 
origin of the heating. To achieve such a 
goal it is essential first to locate the 
reason for the heating and its source.
After a preliminary investigation, it was 
realised that the heat was associated with 
load, therefore it was classified as load 
dependent losses accordingly. Analysis 
led to the idea that the armature current 
has a field pattern which concentrates the 
main electro-magnetic field through the 
central core and axle, which has the effect 
of developing eddy current through them. 
Forced air cooling might help, but the real 
problem was to reduce the origin of the 
heating.
A reconstruction of the core and axle 
in a non-magnetic material was a prime 
solution to reduce the origin of the heating. 
A core of Tufnol material, as shown in
Chapter 5
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Figure 5.2P(a)was designed and employed in 
the final skeleton armature version. After 
testing it has heen found that this was 
necessary; as a matter of fact no working 
conditions have been found in which a core 
temperature rise could occur.
Under hot conditions, the machine was 
working without injurious sparking and without 
injury to the surface of the commutator, or 
to the brushes at any point in the character­
istics between maximum service speed and 
maximum rated current.
Unfortunately over-load test was not 
possible because the loading machine was not 
capable of developing the required overload. 
Usually, under such test, the machine should 
be capable of sustaining a 300# increase of 
torque over rated output for a minimum 
period of 5 minutes.
The machine passed over-sneed test. At 
this test, the machine stood for 2 minutes at 
a sneed enual to 1 . 2  times the maximum service 
sneed. This was done under rated current
Chapter 5
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constant incut current of 8 8i from cold
thermocouples positioned at the following
locations: on the outside of the motor casing, 
adjacent to the outer race of the non-drive end 
bearing and on the side of one of the nermanent
heat-soy meter from a ventilation hole. There­
fore the readings are the temoerature of the 
outer periohery of the armature which is not the 
hottest ooint of the armature. But the modest
temperature recorded on the armature periphery
Fives the impression that the inner armature
M Bperiphery, which is the hottest point in the 
armature. is heated either within or even below
the Permissible t e m p e r a t u r e  rise
shows the change * n the armature temperature
against timo which demonstrates a low heating
le ccn
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A. disc machine, like any other DC 
machine, has losses which appear as heat and 
must be dissipated from the machine because 
of the limitations set on the working tem­
perature of the insulation. In general,
losses may be roughly classified as load
pdependent like I R, or speed dependent, like 
friction and windage losses. In the next 
Section we are going to explain an element 
of loss which is significantly more 
pronounced in a disc armature motor than a 
conventional machine and this is the high 
eddy current loss of the copper conductor. 
This loss is high due to the absence of iron 
in armature. As a matter of fact, in the 
conventional structure, the iron teeth work 
as flux paths by-passing the winding. No 
attempt to investigate such losses have been 
made previously. This is either because 
most previous prototype motors were small 
and it is difficult to assemble such losses 
in them, or prototypes of comparative size 
to 1 0kW were not run successfully so as to
Fetor Construction and Performance Testing 
he investigated thoroughly.
5.6.1 Bddy Current loss
Suppose that a metal slab is traversed 
by flux (Figure 5 .3 5(a))- if B is increasing, 
there is induced in the metal an 
e.m.f. which sets up a current round the 
oath indicated by the curving arrow. Such 
currents are known as eddy currents . They 
are a source of loss wherever conducting 
material is placed in a changing field.
31It Is possible to calculate the eddy 
current in a metal sheet under variable flux 
conditions, provided that we can make the 
following assumptions:
(a) The flux varies sinusoidally.
(b) The width of the metal sheet is 
very great compared with its thickness.
(c) The effect of the eddy currents, in
modifying the d< st^i bution of magnetic flux, 
may be neglected.
Chapter 5
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Consider a metal sheet of width b, length
1 . and resistivity P, carrying a uniform flux
density of nealc value 3 and frecuency fmax
(Figure 5.'5ti(h)). The direction of the flux 
is perpendicular to the plane of the diagram; 
the induced currents will he in the direction 
shown. We shall calculate the e.m.f. 
induced in a circuit which consists of two 
layers, each of thickness dx, situated at 
distances x on either side of the mid-plane 
of the sheet and joined by curved portions C 
near the edges of the metal conductor.
The flux traversing the space between 
the layers is given at any instant by:
''otor Construction end Terformance Testing
0 =2(1 .7 .B„ cos wt) max ' 5.4
since B is sinusoidal. The irregularity at 
the ends is here neglected. The induced 
e.m.f. in the circuit formed by the layers 
is d£, or: 
dt
e.m.f. = 2 (l • x. w. B_ sin wtl S.Smax
Chanter 5
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The resistance of the circuit, again nep— 
lectins the effect of the ends, is 2 f  l/dx ner 
unit depth (measured in the direction of B); 
therefore the eddy current loss in the two 
layers is given by
dWe = (2(i.x *w »Bmax sin w t ^ 2 dx
2?-1
5.6
and the factor sin2 wt has a mead value of -J-. 
The mead rate of loss in the whole conductor 
is therefore
We = ^  (2(1.x .w.Bmax)f dx
1 2 lP
5.7
=i-b3- bL x per unit depth in the direction of B
5.8
More conveniently, we write the loss formula 
as
We = ___b2 BnV.-irw2 per unit volume 5*9
Chapter 5
Kotor Construction and Performance Testing
We notice that if the width 2b. is divided 
into N laminations of thickness, 2b/N, the
p O ploss changes from l.b~.B_ .w / 3 P to:max ■
l.N.x.(b/K)^ Bmax w?
3 ?
5.10
In other words, the loss in the pile of N
plaminations is 1 /N of the loss in the 
unlaminated metal sheet. If we consider 
other shapes than flat sheets, or if we 
relax some of t*e conditions under which 
this calculation has been made, we shall 
expect to find changes of detail in the 
formula 5 .9 , hut the general effect
of each factor upon the loss will not 
change •
We shall calculate We in two simple 
cases. First, for a conductor of rec­
tangular cross section, of dimensions 
a x b, with a uniform field B applied at 
right angles to the sides of length b 
(Figure 5.35(a)). It is beyond our power 
to take account of the changes in the field 
which the eddv ni-rren^s themselves produce;
t  d /
b
L  .  J t  ..
: __________________________;
L
C
/ :
(a)
6
Pig. 5.3* : Calculation of eddy current in:(a) Rectangular conductor
(b) Circular conductor
2*9
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occurring at its ends can be neglected.
We shall now carry out the same cal­
culation for a conductor which has a 
circular cror^-section of radius (Fig. 5.36 (b) ) . 
Considering again the induced current in 
two layers at distances x from the mid­
plane. we find, as before, that the induced 
e.m.f. is -2) .w.x.-B per unit length. The 
breadth of the strip, however, now depends 
upon x, being equal to 2 (^ a2 - x2) ; so that 
the resistance of the circuit formed by the 
two layers is P / J(a - x^) dx per unit 
length. The loss in the two layers is 
therefore:
It is convenient to write this in terms of the 
singled indicated in Figure 5.3*(b). We find 
that:
5.14
x = a. sin© , dx = a. cos© d©,
271
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and the whole loss is
The method of evaluating the integral will be
found in any standard work on the calculus
The axial fields across the air-gap has 
different values of flux. It has a magnitude 
of anrroximately B^ . at the magnet surface and 
decreases approximately linearly to B&ve at 
the mid-plane of the air-gap (Figure 5*37).
If a conductor is olsced in the air-gar. the 
part of the conductor on the righthand side 
stays at a higher flux density than that of
Motor Construction and "Performance Testing
the lefthand side. Thus a higher e.m.f. is
rroduced in the righthand side of the conductor
between the right and the left portion of a
conductor which causes circulating currents. 
These circulating currents give rise to losses
of the conductor. This has a mag­
nitude of approximately Bmax ¿¿ff a"t "the 
righthand side of the conductor and decreases 
approximately linearly to zero at the lefthand 
side of the conductor.
The loss due to this field difference is
32
given by
Where Bmax diff
factor arises from the linear variation of flux

In practice, typical values of B , , a
and lg result in the loss due to the main field 
being greater than that due to the field 
difference. Therefore, for the sake of 
simplicity, the latter is neglected.
The production of excessive eddy currents 
can be avoided by properly subdividing the 
condiictor. These subdivisions are insulated 
from each other and thus the eddy currents of 
one cannot travel to the other. let the con­
ductor of a radius be divided into IT strand. 
The radius of each strand will be a . then
Kotor Construction and Performance Testing
the total loss changes to:
In other words, the loss in the conductor of 
N is 1_ of the loss in the solid conductor.
N
Now the relationships derived above are 
valid only when the subdivisions are not 
connected in parallel in such a manner as to

Charter 5
permit a rath for eddy currents. \ parallel 
connection between the subdivisions is 
necessary and therefore the subdivided con­
ductors should be connected in parallel only 
when a complete balance between the sub­
divisions has been secured. This may be 
obtained by twisting or transposing the 
conductors. For example, let us consider a 
conductor subdivided into two parts. If the 
two subdivisions are placed in the air-gap as 
shown in Figure 5.38(b), they link with different 
values of flux. Therefore such an arrangement 
does not give any benefit because the two 
subdivisions have unequal e.m.f.s induced in 
them and since they are connected, parallel 
eddy currents flow in the local circuit formed 
by them (subdivisions).
Now consider the crossed conductor 
arrangement of Figure 5 .3 8(a) • Here the two 
parallel circuits are identical and therefore 
have eaual e.m.f.s indicated in them. This 
arranrement, known as transposition, eliminates 
eddy circulating currents from one subdivision 
to another.
Fotor Construction and Performance Tes+inp
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Armature conductors have their layers 
twisted so that every subdivision occupies 
all possible layer positions for the same 
length of conductor. This gives symmetrical 
lengths for every subdivision and thus 
equalizes the eddy e.m.f.s in all the sub­
divisions. Therefore, the layers can be 
connected in parallel without producing eddy 
circulating currents. In long conductors 
the twisting may be carried out three to four 
times.
5.£.2 Losses Separation
All previous calculations based on the 
load tests show that the calculated sum of the 
known electrical and mechanical losses in the 
motor is less than the difference between 
measured input and output power. Therefore 
it was felt that further research into the 
existence of eddy current paths was necessary. 
Such a task was possible only by evaluating 
the known components of losses q\'antitatlvely, 
one by one, and the difference between the 
total rower lcsse3 and such known components
Charter c
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have to he analysed in order to ■*'e1ote it to 
its source of origin, so they are no longer 
unknown.
Ir. order to obtain the different elements 
of losses, the experimental machine was driven 
by the load machine which was running, in this 
case as a motor. The input current and 
voltage to the load machine were recorded using 
standard meters. The experimental machine was 
disconnected from the rower surrly and then 
driven as follows: 12345
(1) light (Fig. 42A) (the open circuit 
vo^tao-e was recorded over a range of 
greeds ("Fig. 41))
(2) as (1) with no brushes (Fig. 42A)
(3 ) as (1 ) but the magnets were replaced
by dummy (wooden) poles (Fig. 5.39). This 
is to simulate the initial conditions for the 
windage losses (Fig. 42A)
(4) as (3) with no brushes (Fig. 5.42B)
(5) as (2) but the armature (Fig. 5.40)
h^s no enualiser (5.42B)
(£) with the shaft only (no «mature) (Fig. 5.420) 
(v) 1S ( wit^ no magnet poles (Fie. 5.420)
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Fig. 5.428: Input power speed curves of loading machine when driving 1 0kW disc motor
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4fter that the load machine (driving motor) 
is run light and its armature resistance was 
measured while hot. The tests were enough to 
separate most of the loss elements.
(A) the difference between (1) and (2) 
represents the brush friction losses and the 
brush share of losses of inaccurate coil 
positions.
(B) the difference between (3) and (4) 
represents the brush friction losses only.
(C) the difference between (4) and no 
load test of loading machine (as motor) 
represents the windage and bearing friction 
losses.
(D) the difference between (6) and (7 ) 
represents the losses due to the sum of the 
magnetic leakage flux of the permanent magnet 
poles through the rotating shaft.
(E) the difference between (5) and (4) 
represents the losses due to eddy currents in 
the copper winding plus the losses due to (D).
(F) the difference between (E) and (D) 
represents the losses due to eddy currents in
Chapter 5
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the armature winding only.
(G) the difference between (2 ) and (5 ) 
renresents the losses due to the equalizers.
The results of the no-load test with the 
spaces between nermanent magnet poles filled 
with wedges shows that (C) losses can be 
minimized by using a full ring construction 
instead of the current toothed construction 
of the magnetic pole rings. The wedges may 
be made of a cheap plastic or aluminium, 
however, any light non-magnetic material will 
serve the purpose.
As mentioned in Section (D)
losses can be reduced or eliminated by recon­
structing the shaft in a non-magnetic material 
such as EN 58 J non-magnetic stainless steel.
As explained in (F) , losses can be 
reduced by usinp multiples of elementary thin 
wires connected in parallel instead of a single 
solid wire used in current armatures. The
Chanter 5
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machine finished winding will improve the 
physical construction over the hand-finished 
winding used in the current orototype 
machines and this, in turn, will minimise the 
(G) losses. These latter losses may be 
further reduced by better control on magnet- 
flux return ring joints, magnet lengths and 
air-gap lengths adjacent to each magnet pole 
in order to vet balanced flux car role. In 
addition, the unhomogeneous reluctance of the 
different parts of the steel ring which may 
lead to unhomogeneous air-gap flux, can be 
relaxed by thickening the ring slightly by 
a small amount.
For the same matter, magnet noles belong­
ing to the same batch are used to assemble each 
set of magnet rings. This is necessary in 
order to minimise the effect of different 
magnet characteristics resulting from 
different magnet batches.
Chapter 5
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Chapter 6 The Converted Hybrid Vehicle
The objectives of this chanter are to 
investigate and evaluate the technical per­
formance of the twin armature disc motor and 
its associated traction system in the existing 
*Tova hybrid vehicle. Prior to the inves­
tigation of the Hova hybrid car. there follows 
a brief description of electric and hybrid 
vehicle systems wit1' relevant theoretical 
background and enervy considerations. This 
background material is oresented as an aid to 
understanding and evaluating the system used 
in the Nova hybrid car as compared to other 
electric and hybrid vehicle systems.
6.  1 D e s c r i p t i o n  o f  E l e c t r i c  and Hybrid V e h ic le  
System s
6.1.1 Electric Vehicles
Electric vehicles are powered by an electric 
motor drawing current from rechargeable storage 
batteries, fuel cells or other portable sources 
of electrical current.
Thus, electric vehicles, in veneral. are 
nowered by batteries and are driven bv electric
■
motors. Their propulsion systems normally 
consist of a battery, motor speed controller, 
motor, an interface between the motor and 
wheels (a transmission and/or differential), 
other appropriate controls, and a battery 
charter. A schematic diagram of the drive 
system for such an electric vehicle is shown 
in Figure *.1 . The battery charter may or 
may not be located aboard the vehicle.
K.1.2 Hybrid Vehicles
Hybrid vehicles are propelled by a com­
bination of an electric motor and an internal 
combustion engine. Although other types of 
hybrid vehicles have been built (such as heat 
engine-flywheel systems), this thesis is 
limited to a discussion of hybrid vehicles 
us'ng a heat engine and a battery.
fi.1.2.1 Types of hybrid Vehicle
All heat engine-battery hybrid vehicles 
may be grouped into two general classes.
series a.nd p’'r»l1 fi1 . Tn the aeries system 
(Figure c.?) a1! of the net power output
The Converted Hybrid Vehicle Charter *
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Th° 'lonvert^d ^vbrid Vov^cio
the heat enpdne is converted ’nto electric
ower by a DO venerato-«' or bv an ?Jt°rnotor
tc mechanical rower by an electric motor
or through a fear reduction system. Vehicle
speed is controlled as in an electric vehicle
Whenever the power requirement of the vehicle 
is greater than the power suprlied by the
'■Tien theneeded is drawn from the batteries
engine-generator set power output is greater
than the vehicle's recuirements, the excess
rower is used to charge the batteries. The 
engine may operate essentially at constant 
sueed and load for ontimum fuel economy.
The motor car also be driven by the wheels to
rrovid® regenerative braking
In the narallel system, only the rower 
required to charge the batteries is converted 
to electric rower. The majority of the 
engine rower is delivered through a mechanical 
transmission directly to the wheels. A. 
tyrical examrle of ° rarallel hybrid drive 
system is s'-ov'n in Vi pure Tn this
exomrla, the heat engine is mounted on the
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same shaft as the electric motor. Ir. some 
hybrids, a clutch is provided to disconnect 
the heat engine from the drive system, while 
in others, the heat engine is connected 
directly to the transmission so that the motor 
and engine are in parallel. In all cases, the 
motor tonue and engine torque are additive so 
that the motor is smaller than required in a 
series system. ’•'hen the vehicle drive nower 
requirements exceed the engine capacity, the 
extra power 1 s rrovided by the battery through 
the electric motor. In most oarallel systems.I
the motor also serves as a generator for 
charging tne batteries. The motor, as a 
generator, is not always driven by the heat 
engine, but it also can be driven by the 
wheels to nrovide regenerative or electrical 
braking.
6.1.2.2 Operating Hodes
The mission orescribes the operating mode
of a hybrid vehicle and therefore, to a large 
art«»nt, the nv»ra”  design of the vehicle.
If the vehicle is driven -primarily in the city, 
eor short distances, it mav operate as an
205
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all-electric veMcle vi tw the batteries being 
recharged ex t e m ’11 y. "For 1 onp^r trios. a 
mode that primarily use0 t1-“ h«at engi ne may 
be employed. i"1l t^“ OTio^tin? modes mav be 
grouped into two general classes which are 
described, next.
The simplest mode involves continuous 
oneration of the heat ensdne at, or near, 
maximum power and efficiency. The heat 
engine crovides the cower needed for cruising 
at high speed. The additional power 
recuired for acceleration is supplied by the 
electric motor. ^ny excess power available 
from the heat engine is used to charge the 
batteries. HsuaHy the system is designed 
to operate so that t^e batteries are not 
denleted.
The other mode of oneration is the on-off 
mode. Here the heat engine onerates only 
when the vehicle is running at high soeed or 
when the battery is depleted. The battery 
cowered electric motor provides the vehicle 
cower at lower speeds and augments the heat 
engine during acceleration. Hatterv dep­
letion may occur in many on-off operating 
modes so the range can be limited by battery
The Converted Hybrid Vehicle Charter c-
etroleun fuel consumption can b
the rrorulsion energy is Provided from
electricity, as recharge is from an extra
(non petroleum) electric source. The all
to reduce emmissions
'Vith the exception of a heat engine (alone 
or with a generator or alternator), a hybrid 
vehicle uses the same types of components as 
en all-electric vehicle. The electric- 
mechanical drive in a series hybrid vehicle 
is identical to the drive in an all-electric 
vehicle. The heat engine-generator (or heat 
engine-alternator) and its control are usually 
added as a completely separate unit. The 
electric drive in a parallel hybrid vehicle
The transmission, however, mustvehicle
accent power inputs from both the heat engine 
and the e^ctric motor, and the control system 
must control two rower sources in parallel.
'Vioj-oforp a po-roi Tel hybrid ^rive syste>
requires veri ahi e—speed transmission to
The Converted Hybrid Vehicle
match the heat enfine to the ■* oed requirements
of the vehicle (i.e. conventional automatic
transmissions, conventional manual 3- and
4-soeed transmission
In general, the transmissions are adaut
able to hybrid vehicles with modifications for
Transmi ssionsthe second input drive
designed snecifica11v for a parallel hybrid 
system are not available.
Control of the electric motor for either
a series or parallel hybrid drive train is the 
same as that for an electric vehicle drive
motor. The overall control system of a 
parallel hybrid vehicle is even more comolex 
than that of an electric vehicle or series
hybrid. However, they all have the same
principles, except that in the paralled 
hybrid vehicle, the motor newer and nower 
for battery charpinfr must be controlled
simultaneously
6.1.?.d ueat Hnylnes for Hybrid Vehicles
ha onerati cm a-f a hoot anmi ne fm~ a
hybrid vehicle differs from a conventional
The Converted hybrid Vehicle hart
entrine in that the hybrid heat engine does not
hove to chenue gpoed ranidly end it runs for
longer times at high rowpr. The ideal hybrid
'■’eat engine should be as lightweight and
durable as possible. The optimum capacity of 
engine is slightly above the average power 
required to drive the vehicle; the battery
system provides the additional power necessary
for acceleration, overtaking and hill climbing
The hybrid vehicle can provide substantial
gains in fuel economy because the engine is
Conventional vehicle engines are not ideal
for the conditions just given. They are
designed to give long life at an average power 
level of 20 percent of their maximum power
capability, which is below peak efficiency
Emission control can be simplified in the
hybrid ermine operated at constant power level 
The on-off mode of operation, on the other 
hand, can use emission control techniques that
have been developed to meet emission standards
for the conventional car
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6.7 loed Power. Ranpe and Energy Considerations
For any vehicle, power retired at road 
wheels for cruising at a steady sneed on a 
level road is ¿riven by:
p = "p.v + F0v w 1 6.1
Where v is vehicle sreed in m/sec, and 1?2 
are the tyre rolling resistance and aerodynamic 
dra'T respectively in V. But:
F1 « C1 % 6.?
and •
F2 = C2 v 6.3
Where C1 is tyre friction coefficient in N/kG 
and C2 is the aerod; 
following eouation:
odynamic dra$r as shown by the
C~ = 0.5 fC,, A 6.4
¿h^re p  ¿g the atmospheric density in kp7m ,
7 0 0
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aerodynamic drae" coefficient (dimen-
sionless> . ‘.is the vehicle frontal area in
is the vehicle mass in >g
Therefore, substituting from 3-mations 6.?
and £.3 in Equation £.1 leads to the following
eauat'on
Siuation ^.5 shows that road rower is
the power used to overcome tyre rolling 
resistance and aerodynamic drag, i.e. the 
power needed to actually pronel the vehicle 
and this should be as large as possible in 
comparison with the other components of 
rower. This means that most of the input 
rower is transferred to the road wheels of 
the vehicle and is not beinp dissirated in
The electric vehicle rarae at constant
TThe Converted Hvvrid Vehicle Charter 6
Tiere C is the specific battery en°r?y density 
for 1-hcur discharge in '••'h/kg, Mg battery mass 
in kG, nc is the drive system efficiency which 
includes the transmission, motor and controller 
efficiency, 3.6 is a conversion factor and b 
coefficient relating average battery specific 
power to discharge time which has a represent­
ative value of - 0713; therefore, — = 1.4.
b
liquation 6.6 may then be written as:
R = 3-*v C K. 11 -4 6.7
-v (C, Mv + C? ▼ )J
The energy consumption at constant speed is 
eauivalent to the power required at the wheels 
to drive the vehicle at speed V. divided by 
the vehicle's overall efficiency from the wall 
plug to the wheels. Therefore, the energy 
consumption (kWh/kro) at constant speed may 
be expressed as:
linergy consumption = _1—  ( - * - )
5600 '»B n o \
6.8
302
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is the battery efficiency and V,
Substituting P from Equation 6.1
Sauation 6.8 becomes
Inergy consumption =
^-ivation 6 . 7  may be used to calculate the 
ranpe of an electric vehicle (or the hybrid 
vehicle in all electric raode^ when cruising 
on a level road under battery rower alone.
Sauation 6 . 5 and 6 . 9  may be used to 
ca1culate the engine output of a hybrid vehicle 
for cruising on level road with battery floating
Sngine output (kW)
is the venerator efficiency
The Converted Fybrid Vehicle Charter c
6. 3 The Shorts Car, the Dragonf^y 'Tova
w aving built a viable t*Tin-armat\ire DO 
disc motor, and in order to establish its 
feasibility as a traction motor, it became 
clear that the next stage would be to re-build 
a nractical road vehicle. Tike many of the 
earlier conversion projects. the new vehicle 
is based on a conventiona.1 mass produced car. 
In this case a Nova snorts car was chosen.
33,34The Nova car itself is supplied in kit 
form only, using a strong fibreglass body 
mounted on the well-proven Volkswagon Beetle 
floor nan and chassis as shown in Figure 6.4 
It is usually nowered by a Porsche or 
Autocavan 2.2 litre engine.
The Dragonfly Nova shown in Figure 6.5 
uses the basic kit with the necessary 
modifications for conversion to a hybrid. 
Special rear stub axles have been assembled 
for the converted Nova, allowing mechanically 
independent driving from two individual 
running shafts. The vehicle is fitted with 
front disc brakes and snorts suspension
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units. The weight distribution is improved 
to achieve a fron+-rear loading of ¿OF" - ¿OP* 
resrectively. and the centre of gravity is 
lowered by abo\7t five inches as shown in 
Figure 6.c. The twin-armature disc motor 
fitted in the Dragonfly Nova is rated at 96V, 
20kV, 4000r.p.m. and weighs 60 kg (see 
Chapter 5) • The motor has two mechanically 
independent output shafts. Sach shaft 
drives a rear wheel through a 4:1 reduction- 
gear using a toothed-belt (as shown in Figare 
fi.7) thereby eliminating the need for a 
mechanical differential pear. Significant 
savings in weight and cost result from 
adonting the twin-armature arrangement rather 
than two separate motors. The vehicle is 
suDolied with eight Tungston type 369 12V 13 
plate starting, lighting and ignition batteries 
^ach has a capacity of RRAh at the 20-hour 
rate and weighs a total of 110kg. A 
schematic diagram of the vehicle drive is 
shown in Figure 6.B.
The most significant asnect of this con­
verted Dregonfly vova, is that it carries an
The Conv°rt°cl Hybrid Vehicle Charter c
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engine-generator set to provide mean running 
power while the batteries -re limited to 
providing short duration peak power. The 
batteries also act as a store for regenerated 
power or surplus generated power. This 
modifies the purely electric car concept to 
that of a series hybrid. It has been found 
both experimentally and through computer 
simulation, that the exhaust emissions and 
energy efficiency of a series hybrid vehicle, 
using a diesel engine and lead-acid storage 
batteries, are much better than had been 
previously expected. The primary reason 
for this seems to be the capableity, with the 
series hybrid arrangement, of maintaining the 
engine operation at a very favourable brake 
specific fuel consumption level. With 
either the conventional mechanical drive 
system or the parallel hybrid arrangement, 
it is extremely difficult to obtain a constant 
speed and load.
The lead acid battery is at a 250s 1 
energy to wei eht disadvantage against petrol. 
The fuel cell has considerable potential in

en electric vehicle abdication. The great 
fascination of the fuel cell, is that it con­
verts chemical energy into electrical energy 
with relatively high efficiency. Until this 
is commercially and technically viable, the 
alternative is to use a mechanical engine- 
generator set to generate the electricity. 
Unfortunately such an engine would be noisy 
and have the usual disadvantages of a 
mechanical system. On the other hand, there 
are several advantages. « major one is that 
such an engine generator set. suitably 
matched to a vehicle's average rower with 
its fuel, would have a 1?:1 range advantage 
over the equivalent weight of batteries.
The most suitable series hybrid arnlication 
is in frequent stor/start driving such as city 
driving or the duty cycle of delivery vehicles. 
Vor this application, it is oossible to 
envisage small engine units of only 250cc. 
mhe Dragonfly vovas presented the worst case 
abdication since these cars are intended for 
1 0*1? distance running at reasonably high 
average sr«eds. <fter a considerable study
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of available engines, it wap decided to use 
a ^ett01" iC? Twin Cylinder d’esei unit. This 
O^ficc engine has a continuous maximum output 
of 8.?kV at 3000 r.n.m. and a one-hour ratinv 
of 9.0kW at this sneed. Th° engine capacity 
is calculated by Fouation *.10. This 
would be directly counled to a disc 
venerator of almost identical design to the 
drive motor and which could be used to start 
the diesel engine from the 96V battery pack. 
The wind’ ngs had to be altered for the lower 
rated speed (see Table 6.1). The combined 
engine generator unit (Figure £.9) weighs 
1?0kg, of which the diesel engine weighs 
79kg.
The nower circuit in Figure 6.10 is 
simple, with the added advantage of allowing 
regenerative power. Besides using the 
infinitely variable rotating drum controller, 
it is possible to switch to aeries or 
parallel motor drive. This enables selection 
of town or country driving respectively.
The control circuit in Figure 6,11
is very basic and to design a more sophis­
ticated system, which could optimise the
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loading of the engine, generator, batteries 
and motor, would renuire extensive testing 
until further data is obtained.
The instrumentation uses up-to-date 
digital circuitry such as a battery charge/ 
discharge integrator. This orovides the 
driver with a bar indicator display showing 
not only the battery state, but the continuous 
Dower charge/discharge difference by which to 
regulate his driving sreed. It can also be 
used to indicate the levels at which the 
engine can be stooped or started in light, 
urban driving conditions.
The -predicted performance of the Dragonfly 
Nova with regard to energy economy is cal­
culated as follows. Allowing for generator 
losses, Table 6.2 shows that the resulting 
7.5kV output would be sufficient to allow an 
average vehicle speed of 50 m.p.h. with zero 
battery discharge and a calculated fuel con­
sumption of 76 m.n.g. Figure 6.12 shows 
the reeuired Dower at road wheel against the 
sreed of the Dragonfly hybrid. The curve is
The Converted Hybrid Vehicle Charter 6
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TVBIE 6.2
Power requirements for the Hova Car when cruising 
on level road under engine power alone, i.e. with 
battery floating
A.s sumptions:
1. C1 = 0.13
2. C2 = 0.39
3. Gearbox efficiency = 95**
A. t'otor efficiency = 90<
5. Generator efficiency = 90*
6. Controller effic'ency = 100*
Cruise speed
40 mile/h 45 mile/h 50 mile,
64 km/h 72 km/h 80 km/h
Road wheel power (kW) 4.0 5.1 6.5
Kotor output (kW) 4.2 5.4 6.8
Generator output (kW) 4.7 6.0 7.6
Engine output (kW) 5.2 6.6 8.5
32?

obtained using Houation £.5 taking into 
consideration assumptions made in Table *.2 
A. speed of 50 m.r.h. could be maintained 
continuously for about 51 miles with no 
increase in fuel consumption, but the 
batteries would be discharged. Urban 
driving at an average speed of 30 m.p.h. 
would demand light loading of the engine 
causing a decrease of efficiency. Never­
theless, fuel consumption could be improved 
by ston-start cycling of the diesel engine.
Thus the converted Dragonfly Nova seems 
attractive because it has the potential of 
reducing petroleum consumption and emissions 
below that of conventional vehicles with 
reasonable acceleration and cruising speeds.
It also provides the driver with the option 
of running on its batteries only. In this 
mode, the Nova has a calculated range of 
about 20 miles at an average speed of 50 m.p.h. 
This enables it to be used as a commuter 
vehicle, which can charge its batteries over­
night from mains power. The diesel engine 
is not directly coupled and can be removed 
easily for se’-vicing, while the car is sti^l
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useable. Although not all garages are e-ea.red 
to dea1 with small diesel engines, the one 
installed is expected to give 2000 hours use 
before its first major service.
T*uch is talked about the rroblems of 
recharging battery-powered electric vehicles. 
Various ideas for a network of re-charging or 
exchange stations for batteries have been 
muted, such as coin-in-the-slot/token parking 
meters which could supply plug-in power, etc.
All this demands an enormous capital outlay over 
a period of many years, and until this exists 
the purely battery-powered car is at a severe 
disadvantage against TC engined cars which 
already benefit from a world-wide servicing and 
fuelling network. A hybrid car, like the Nova, 
which is substantially diesel—electric rather 
than purely battery-electric, would benefit 
immediately from the existing infrastructure.
£ . 4 The Electric Bed Test
Tn order to Investige the viability of 
the twin—armature disc motor and the feasibility 
of the drive system used in the *Tova hybrid 
car. a new vehicle test rim was bui^t. The
325
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mechanical rolling test bed available in the 
Deoartment had several shortcoming's whn ch the 
new vehicle test rig was able to overcome.
During testing, the mechanics.] rolling 
test bed provided an unstable load for the 
vehicle. This resvlted from the con­
tinuously varying frictional losses between 
the vehicle tyres and the load (rollers) due 
to the rise in temperature of the rolling 
components. The increase in temperature 
limited the time for which a vehicle could 
be tested under a constant set of test 
conditions.
The roiling test bed is not suitable for 
testing different vehicles, unless its fly­
wheel is changed to match different inertia. 
In addition, the power output of a vehicle 
beinp- tested on the rolling test bed could 
not easily be measured.
ill these problems were eliminated in 
the new test rig, enabling the nerformance of
The Converted Hybrid Vehicle
electric end hybrid vehicles to be considered 
end investigated at constant speeds. The 
new test facility enabled testing of 
different vehicles without any mechanical 
changes to the test equipment. It was 
nos°1ble to simulate an uoward or downward 
gradient and reproduce exact sets of test 
conditions to obtain enough data for any 
statistical analysis. The new test rig 
system has the facility of feeding the 
vehicle output energy into the mains rather 
than wasting it as heat. This advanced 
facility provided by the new system is based 
on the concept of replacing the mechanical 
(rolling resistance)load by a more accurately 
measureable electrical load. This is 
accomplished by replacing the vehicle driving 
wheels by an electric machine which is used 
to orovide the vehicle load. Figure 
shows the two machines mounted on a steel 
structure base which is bolted to the floor 
of the vehicle laboratory. The load machine 
has the facility to move forward and backward 
on slotted rails to allow different spans for 
different vehicles. A propeller shaft (shown
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in  F ig u re  6. 1 3  i s  u sed  to  co u p le  the v e h ic le  
to  th e  lo ad  m achine. T h is  h a s  j o i n t s  to  
a llo w  f o r  ro is-align m en t and a  t e le s c o n ic  
e x te n s io n  f o r  f in e  a d ju stm e n ts  f o r  a t i g h t  
f i t t i n g  co n n ectio n . S p e c ia l  c o u p lin g s  a re  
a tta c h e d  to  each end o f  th e  p r o p e l le r  s h a f t  
to  con n ect th e  s h a f t  to  th e  v e h ic le  and lo ad  
m achine, a s  shown in  F ig u re
The d iagram m atical la y o u t  o f  th e  t e s t  r i g  
i s  shown i f  F ig u re  6 .1 4 . T h is  f i g u r e  a l s o  
shows th a t  th e  e l e c t r i  c a l  o u tp u t power o f  the 
lo a d  machine fe e d s  a th ir d  DC machine which, 
in  tu r n , d r iv e s  an In d u c tio n  machine above a 
synchronous sueed  so  th a t  i t  a c t s  a s  a 
g e n e r a to r  fe e d in g  the v e h ic le  o u to u t power 
in t o  th e  th re e  phase m a in s. Some v e h ic le  
lo a d in g  sy stem s u se  a s o l i d  s t a t e  c o n t r o l l e r  
to  fe e d  th e  v e h ic le  o u tp u t in to  th e  m ains, 
r a th e r  than  u se  an e x t r a  DC machine and 
in d u c tio n  machine s e t .  The ad v an tage  o f  
u s in g  th e  e x t r a  machine i s  th a t  the lo ad  
c u r re n t  can be c o n tr o lle d  by c o n t r o l l in g  th e  
f i e l d  cu rre n t o f  t h i s  a d d i t io n a l  machine 
r a th e r  than the f u l l  arm atu re  c u r re n t  o f  the 
lo ad  m achine. T his 3ystem  a llo w s the
?i
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T».BIT 6 .3
R a t in e s  o f the e l e c t r i c a l  m achines u se d  fo r v e h ic le
t e s t  r i g .
The in d u c t io n  motor was m anufactured by Hewman
T n d \istr i e s I t * .  The machine m ech an ica lly coupled
to  th e  in d u c tio n  m otor was m anufactured by Brush
R 3 e c tr ica T M achines L td . The two m achines
con n ected to  the v e h ic le  under t e s t  were m anufactured
by B r i t i s h Thomoson Hoxiston Co L td .
Induction Brush d.c. B.T.H. d.c.
motor machine machine
V o lt s 415 - W 220 220
Amps 147 40 30.2
Power 7.5kW (10  H .P .) 7.5kW 5.6kW
Speed 1430 r.p.m. 1500 r.p.m. 900 r.p.m.
Winding Delta Shunt Compound
Rating Continuous Continuous Continuous
Field time 0.486constant
Armature time constant
Freqx’ ency
T'h ase
0.41 6
331
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th e m se lv e s e re  m easured  by a  b a tte ry -c o w e re d  
m e^n-sensin ir d i g i t a l  v o ltm e te r .
Ir. any e le c tr o - m e c h a n ic a l  sy stem , i t  i s  
im p o rtan t to  d eterm in e  the m ech an ica l cower a t  
some c o in t  in  th e  d r iv e  ch ain  and t h i s  i s  
acco m p lish ed  on th e  e l e c t r i c  t e s t  bed by 
in d i r e c t  m easurem ent o f  th e  to rq u e  tr a n sm itte d  
a lo n g  th e  lo a d  m achine s h a f t s .
In  t h i s  c a s e ,  o n ly  one to r d u c to r  was 
a v a i l a b l e .  The need to  m easure th e  in p u t 
to rq u e  o f  both lo a d  m achines i s  d em on strated  
by th e  r e s u l t s  c r e se n te d  h e r e . The a v a i l ­
a b i l i t y  o f  an o th e r  to r d u c to r  was f i n a n c i a l l y  
u n a t t r a c t iv e ,  so  d i r e c t  to ro u e  measurement on 
th e  t e s t  bed was n o t c o s s i b l e .  T h e re fo re , 
some o th e r  means o f  f in d in g  in c u t  to rq u e  to  
th e  lo a d  m achines was n e c e s sa r y .
A.n in d i r e c t  method o f  m easu rin g  in c u t 
to rq u e  to  th e  lo a d  m achine was em cloyed in  
which th e  to rq u e  i s  deduced from th e  load  
machine o u tp u t c u r r e n t ,  speed  and f i e l d  
c u r r e n t .  T h is  method c r o v id e s  r e l i a b l e
r e a d in g s  w ith o u t r e c a l ib r a t i o n  s in c e  the 
m a ch in e 's  p a ra m e te rs  do n o t change w ith tim e . 
The t e s t  m achines were connected  in  th e  Ward 
Teonard  arrangem en t shown in  F ig u re  6 .1 5  
In  o rd e r  to  m easure th e  to rq u e  o f  th e  machine 
b e in g  t e s t e d ,  a  r in g  to r d u c to r  was u sed  ( s e e  
C h ap ter  5) . Both  lo a d  m achines were t e s t e d  
when 'm o to r in g ' and ' g e n e r a t in g ' .
The to ro u e  o f  a  DC machine i s  g iv en  by 
T = ¥ 1^ T . T h is  e q u a tio n  i s  v a l i d  in  th e  
n o n - s a tu r a t io n  re g io n  o f  th e  machine o p e ra tio n  
and to rq u e  i s  c o n sta n t f o r  a g iv en  f i e l d  and 
arm atu re  c u r re n t  up to  th e  m ach in e 's  r a te d  
sp e e d . However, th e  lo a d  m achines were 
a n t ic ip a t e d  to  be in  u se  a t  o v e r  retted speed  
where the above r e l a t io n s h ip  would n ot h o ld . 
R ead in gs o f  to rq u e  were o b ta in e d  f o r  arm ature 
c u r r e n ts  in c r e a s in g  in  5k s t e p s  up to  100- 
u e rce n t o v e r lo a d  and a t  sp e e d s in c r e a s in g  in  
100 r . r .m .  s t e p s  up to  6 0 -p e rce n t o v er  r a te d  
sp e e d . T h ese  re a d in g s  were o b ta in e d  f o r  f i e l d  
c u r r e n ts  in  0 .1  A s t e p s  up to  th e  maximum f i e l d  
c u r r e n t .  A com plete s e t  o f  r e a d in g s  could  not 
be o b ta in e d  but the n e c e s sa r y  a r e a s  o f  
p e n e r s to r  o n e r a t io ’'1 ,re re  covered  and were
The Converted Hybrid Vehicle Charter 6
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found to be sufficient for the work reported 
Here.
The incut torque to the machines when 
p’eneretinr was calculated by measuring field 
current, armature current and speed (as 
menti oned earlier^. The nearest measured 
values of these ouantities were looked up and 
then the incut torque calculated by inter­
relation. ' low resistance ('''.'In.)was used 
■for field current measurement. Vor 
measuring armature current, high current shunt 
was used. Voltages developed across these 
are measured by digital voltmeters.
The load machine's sreed is measured by 
means of a special toothed wheel fitted on the 
machine's shaft. A magnetic transducer is 
placed next to the wheel which is used to 
generate a series of culses, the frequency of 
which is "rocortional to the rotational speed 
of the shafts. This is fed into a digital 
counter to obtain the shaft sreed in r.p.m.
The -instrumentation described above is 
sufficient fo1" an accurate analysis of the
vehicle's r-orforp^rce. ,-rith proposed testing 
conditions established, ov^p^pisn-ta] testinr 
may be carried out to co',",ect the data 
necessary for such an a n a l y s i s .
*.5 Dragonfly "ova Car Test
\ f t e r  the f i r s t  prototype twin-armature 
disc motor  was completed ,  the motor was 
s u c c e s s f u l l y  tested up to f u l l  3peed, running 
l i g h t ,  at the University. By this time, the 
company (sponsor) was very concerned by the 
delays and was anxious to install the twin- 
armature disc motor into the Dragonfly *Tova 
sports car as cuickly as possible to display 
it to potential customers and to exhibit it 
at Rlectrex (198o ). Reluctantly, it was 
therefore decided to release the motor to the 
company without undertaking a full test prog­
ramme on it at the University. I t  was 
expected that after the exhibition, the Dragon­
fly Nova car would be returned to the 
University with the twin-armature disc motor 
installed, for tes+ing on the electric test 
rir which bad been originally developed for the 
purpose, and that t^e twin-armature disc motor
'"lie Converted hybrid Vehicle Chapter £
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weald eventually become available for com­
prehensive bench testing.
After that, the vehicle was only made 
available to the University for two weeks.
Thus the only possible tests were to in­
vestigate the twin-armature disc motor. To 
save time, the motor was left in its actual 
place in the car with the belt reduction rear 
on. In order to set up the test, the car was 
driven on to the electric test ri»? and the 
wheels removed. Then the wheel hubs were 
connected to the load machine, as shown in 
Fi mire 4.14.
Two sets of load tests were carried out, 
one with the armatures in series and one with 
them in parallel. The output torque of the 
disc motor could not be measured directly 
because the transmission system did not allow 
any room to fit transducers to the motor shafts 
Hence the motor output had to be calculated.
The results of the tests described here are 
riven in Tables A1 .1 to A.1 .4 for parallel 
and series tests respectively. A description 
of the method of calculation of motor, trans-
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mission ar.d vehicle efficiency ere given in 
Annendix 1 . The armature voltage for
these tests was varied in multinles of 1?V by 
arranging the batteries in series and na^allel 
groups of the apnronriate voltage using a 
carbon rile to adjust the voltage to the value 
reauired.
It should be noted that the vehicle con­
troller was not available. So simplify the 
calculation of input torque, the field excitat 
ion current of the load machines was left at 
constant value (0.7A) for all the tests. The 
load was changed by varying the field current 
of the third DC machine which was coupled to 
the induction machine.
When the two identical armatures are 
connected in series, and applying Equation ?.21 
where the armatures have the same current and 
the permanent magnets provide a constant flux, 
the two independent output torques of the 
twin-armature disc motor would be eoual. The 
total anplied voltage wou^d be equally divided 
between th« two armatures and they would run at 
th<= same soeed. Inspection of th° resume 
shov's that the armature voltages, sneeds and
^31
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outrut torques were not ecua! . '"his -results 
fro^ tVc> -Pact th°t the transmission losses on 
one side were h-5 eher than the transmission 
losses on the other side. It is believed that 
this was caused by the belt tension not beins 
oroperly adjusted when the unit was being 
installed in the vehicle. Since thi3 effect 
considerably increases the losses, care must 
be taken to make sure that the tension is 
correct on installation. The belt tension 
criteria must be taken in order that the vehicle 
losses are minimised. Indeed both armatures 
supoly the same output torque, but one sees a 
higher load. The rotation speed of the armature 
with the greater load, starts decreasing.
'’his alters the voltage distribution on the 
armature terminals and the rotation speed of 
the other armature starts increasing. Hence, 
for the series tests, as the load current is 
increased. the speeds and voltages of the 
armatures diverge, as do the torques supplied 
to the load machines. This gives another 
imoortant reason for ensuring that the trans­
mission is properly adjusted. When the 
armatures are connected in parallel, the
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machines run at the same speed despite this 
difference in load.
'/hen the vehicle corners, with the armatures 
in parallel, the standard voltage equation of 
a DC machine becomes:
V = E.m.f^ + I ^ s H.m.ffe + 1 ^
'/here the e.m.f. of a DC machine is given by:
1^ in Equation 6.12 is constant, then 
during cornering, as n falls, e.m.f. will fall 
for a constant applied voltage. Hence I will 
increase. This will increase torque (T =
wheel speed. The reverse is happening to the 
other wheel so the vehicle will resist the 
turning force. While the motors are 
intrinsically safe when connected in parallel, 
care must be taken whilst they are connected 
in series, to make svire the armatures shape 
the applied vol-'-ape equally.
6.11
E.m.f. = F"0n = K.I^.n £ . 1 2
K‘.Tf .1) which will tend to increase
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Figures 5.1 to 5.1S show the twin 
armature disc motor, transmission and overall 
vehicle efficiency versus armature current for 
armature B at voltages of 24, 48 and 9*V. 
Unfortunately the curves do not show these 
efficiencies at tte rated load of this armature. 
This is due to the limited capability current 
for high cower reading. However, the curves 
demonstrate that the twin-armature disc motor 
has high efficiency at low load. Its high 
efficiency over a wide speed range is demon­
strated by these tests as well. The values 
of efficiency plotted in Figure £.16 are not 
necessarily the optimum for a particular 
speed but are the highest efficiencies 
encountered in these tests.
In addition to load tests, a heat run 
test at 90V was carried out on one armature. 
4fter 15 minutes of running at 70A. testing 
had to stop when the armature failed. On 
inspecting the motor, magnets were found to 
be adrift from their mountings and there was 
severe mechanical damage to the disc, causing 
it to be scrarped. Tt "'as not nossibie to 
see from the damage whether th° magnets h°d
54 2
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come adrift first or whether the disc had 
failed first causing the magnets to become 
dislodged.
6.6 Transmission Considerations
Prior to comparing the efficiency of 
the transmission system used in the Dragonfly 
sports car, to the efficiency of the usual 
transmission system used in petrol powered 
vehicles, there is a brief description of 
these systems. This background material is 
•presented as an aid to understanding the 
evaluations and comparisons of the resuits 
reported here.
The Dragonfly car transmission consists 
of two identical reduction gear systems which 
fit into the output shafts of the twin-armature 
motor. Each gear system has a reduction ratio 
of 4:1 derived through double 2:1 reduction 
stages, using toothed belts and cogwheels as 
shown in Figure 6.7. This in turn drives
rear stub axles which are suitable for running 
from two independent driving shafts. On the 
other hand, the conventional transmission
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consists of a change-sneed p-earbox to whicv 
the motor/engine is coupled through the clutch, 
a troreller shaft, a differential unit and twin 
rear half-shafts with associated universal 
joints and bearings.
For comparison purposes, it will be assumed 
that all losses between the motor output shaft 
and the road wheels may be accounted for by 
transmission inefficiency. In order to 
satisfy these objectives, information was 
reouired on conventional transmissions. To 
this end, data obtained from a 3rd year under­
graduate project was used. The project invol­
ved testing the transmission system of a con­
verted vehicle (the Reliant Robin) which uses 
a DC series motor and transmission system 
consisting of the same components as in the 
standard IC engined version of the vehicle. 
Measurements were taken while the transmission 
was being driven by the DC series motor and 
loaded by a band brake on the rear wheels.
A theoretical approach was also applied which 
showed very close agreement with the results 
obtained by experiments. A. full description 
of this 3r^ year project with the techniques 
used is given in Reference 35-
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The efficiency is determined for- various 
values of output sneed at constant outout 
toroue, and various values of outnut toroue 
at constant output speed.
Comparing the resu^+s for the Robin and 
Nova, Figure 6.19 shows that the transmission 
chosen for the Dragonfly Nova increases its 
efficiency compared to the Reliant Robin car. 
The efficiency plotted for the Reliant Robin 
car is the transmission system in fourth gear 
which represents the most efficient con­
ditions for this system. The losses of the 
belt drive transmission system in the Dragonfly 
Nova were larger than expected. The trans­
mission origina.lly suggested to the Dragonfly 
wova car builders, lee Dickens ltd., was a 
chain driven transmission unit manufactured by 
Renold ltd. Fnits similar to the one 
suggested are used in IC engines to transfer 
power from the crank shaft to a parallel axis 
in the gearbox. They are used particularly 
in front wheel drive vehicles where the-’r
comractness is an additional advantage. The36
measured efficiency of a Renold chain drive 
transmission is between 98.4 and °8.9 percent.
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The Converted uvhrid Vehicle iheoter
A transmission such as this would greatly 
increase the rerformance of the Dragonfly
Nova Car
Chapter 7 Conclusion
The axial-field motor described in this 
thesis is one that has been developed for a 
few years, with special theories derived to 
it. But these theories either go no deeper 
than is necessary for enabling their readers 
to perform their professional calculations or 
probe more deeply but in a mathematical approach 
beyond the need of engineering.
Chapter 2 attempts to explain in simple 
terms how a permanent-magnet axial field D.C. 
machine behaves. Many principles are explained 
by way of illustrations, or using solutions 
requiring no mathematical method beyond the 
engineering level. Mathematical ideas of a 
more advanced kind, such as line and surface 
integrals have been necessary; but they have 
been carefully explained when the need arises
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and perhaps the reader will see the utility 
of these ideas more clearly whén they are 
closely linked with physical facts. In a 
few places the theory has been carried beyond 
the needs of engineering; conceivably the 
author may have been beguiled along one or 
two fascinating byways, but in general these 
explorations are needed for completing the 
picture. Certainly this is true of the 
theory of field produced by the magnet in a 
gap, without which several elementary concepts 
such as electromagnetic induction by flux 
cutting, cannot be properly accounted for.
The key to being able to fully design a 
disc armature motor, or any other kind of d.c. 
machine, by computer, is to be able to cal­
culate the field distribution from the 
magnetic circuit parameters. It has been
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found that the leakage coefficient, LC; the 
pole number, p; and the pole arc/pole pitch 
ratio, £>< are related by "Equation ("5.40).
Optimisation of air gap flux density 
cannot, however, be used as a design criterion. 
The same three parameters may be related to 
the armature heating loss though, as shown 
in Equation (3.48).
Using these two equations, p is eliminated
2and LC fixed so that I R can be minimised with 
By making the leakage coefficient, LC, constant 
in a design, we are really only expressing 
what value we would tolerate - a very low value 
results from a low<xor p , either of which move 
adjacent magnet edges further apart. With LC 
fixed, c< must be between 0.75 and 1.0 to
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2minimise T R: or if ¿7^  were constant, IC must 
be between 1.0 and 1.5. Both of these ranges 
are what machine designers would normally 
expect to use.
In this way the angular parameters of 
the motor are found, and with the familiar 
ratio between the outer and inner active diameters 
of \ /3 for maximum armature power, all the 
critical dimensions are deduced.
In addition, algorithms have been written 
that design a realistic armature winding, 
selecting a practical combination of coil
number, turns, conductor size and connection,
2that also ensures minimum I R power loss.
A complete Table of permanent magnet data is 
searched, and the material is selected on the 
basis of whether optimum overall efficiency 
or power density is desired.
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A complete motor specification is 
generated by the computer program on the basis 
of input data comprising desired power, speed 
and voltage. The designer specifies also 
the criteria to be used, and may select any 
other magnet material or winding connection 
if he wishes. The real benefit of having 
the program is the ability to compare a large 
number of designs with only one parameter 
varying.
A primary concern in the design of 
permanent-magnet field motors, is the inter­
action of the field flux and the flux 
produced by the armature current. An 
analytical model has been established to 
quantitatively predict the degree to which 
the permanent magnet field is demagnetized 
by the armature current. As an aid to 
analysis, the pole face opposite each
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armature spoke is treated as a separate 
section. The maximum amount of magnetizing 
or demagnetizing force is determined for 
each section from Eauation (4 . 9  ). The 
maximum demagnetizing force per section is 
then used to determine the stabilized flux 
densities per section, which in turn are 
used to determine the stabilized flux per 
pole for the machine. The effects of 
armature reversal can be included in the 
stabilization prediction.
The analytical model was compared with 
a static test model, and it was determined 
that the predictions were accurate. Employ­
ment of this method of field flux analysis 
with optimization of armature parameters 
provides the designer with competent design 
trade-offs prior to committing expensive 
tooling operations.
358
Conclusion Chapter 7
The modest temperatures which were 
attained on test obtained on a single-disc, 
self-ventilated "skeleton" version of the 
machine, led to the conclusion that it 
might be possible to achieve a further 
increase in efficiency by reducing the air­
flow and hence the resulting windage losses.
A wide rasige of magnetic material is 
suitable for use in the motors, ranging from 
sintered ferrite to rare earth-cobalt.
Given that the airgap of the disc motor is 
quite large because it embraces the thickness 
of the armature disc as well as the necessary 
running clearance on either side, magnetic 
material of high coercivity is needed, 
especially in traction applications in which 
high torque (and high armature current) can 
result in high demagnetizing fields. The 
ferrites exhibit high coercivity and owing to
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their low cost are well suited to the 
application in spite of their low remanence.
The use of high remanence magnets enables 
motors of slightly higher efficiency to be 
designed, but, owing to the relatively low 
coercivity of these materials the amount of 
magnetic material is large when an airgap of 
considerable span is needed. Designs have 
shown that if the selection of magnetic 
material is based on obtaining maximum power 
density for the machine, then samarium cobalt 
should be specified, whereas to achieve the 
highest flux density in the airgap alnico 
should be selected. The main drawback of both 
samarium and alnico materials is that their 
costs are prohibitively high for many commercial 
applications. In contrast, the cost of ferrite 
materials is low enough to make it viable in 
spite of its low remanence and energy density.
3*0
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Por economie use of Magentic material it 
is general practice to work the material near 
to the point on the demagnetization curve 
which gives (BH) max, but in the case of 
ferrites it is beneficial in terms of overall 
cost-effectiveness to work the material at 
higher values of flux density owing to the low 
cost and low density of the material. In 
this way acceptable airgap flux densities were 
achieved without incurring excessive weight 
and cost penalties. However, since the flux 
density is still low in comparison with electro- 
magnetically excited machines, a high copper 
content in the armature must be specified to 
compensate. Por this reason ferrite magnets 
have been listed in the specification of the 
disc armature motor because the cost saving 
they represent is more significant than the 
small loss of efficiency of the motor.
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To illustrate the results which can be 
achieved from application of the above concepts 
and design philosophies a 9 6V, 10kW, 4000 rev/ 
min motor is described. In fact a twin- 
armature version rated at 2 0kW has been 
developed for the driver of an experimental 
hybrid sports car. This machine comprises 
a common magnetic circuit which houses two 
disc armatures, each armature independently 
driving an output shaft which transmits power 
to a road wheel through belt-reduction gearing, 
thereby eliminating the need for a mechanical 
differential gear. Significant savings in 
weight and cost result from adopting the twin- 
rotor arrangement rather than two individual 
motors and furthermore the absence of the 
differential gearbox cancels the associated 
mechanical losses and weight which has a 
positive effect on the overall efficiency and
3«2
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weight of the hybrid vehicle. The twin 
armature motor offers a simple and reliable 
traction system which needs less service and 
maintenance which, in turn, reduces the 
running cost.
In addition to the twin armature disc 
motor, the vehicle is fitted with an on­
board engine-generator set to provide the 
average power reouirement while the batteries 
are specified to provide excess power. The 
d.c. generator is identical mechanically to 
the single disc armature motor and the same 
components are used in its manufacture. The 
only significant difference is the design of 
the armature winding which is tailored to 
match the engine and battery characteristics. 
Owing to the short axial length of the disc 
generator it was mounted on the engine as an
3*3
Conclusion Chapter 7
overhung load thereby obviating the need for 
an elaborate bedplate and coupling arrangement.
A vehicle test rig has been described and 
the necessary instrumentation for testing the 
performance of the twin armature disc motor 
in the Nova hybrid vehicle. Test results on 
the motor show that the machine achieves high 
efficiency over a wide range of operating 
conditions and should show good energy economy 
in electric vehicle applications.
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Appendix 1 Results of Tests on "ova Vehicle
The disc motor has two armatures A and B 
and they drive load machines 1 and 2 respectively, 
via a 4:1 reduction belt transmission. To 
calculate the torque outnut of the transmission, 
the incut of the load machines, the load machine 
sneed and armature current were measured. The 
field current of the load machines having been 
left at 0.7 A for every test. The voltage and 
current for each arra-’ture of the disc motor was 
measured and this vave sufficient data for all 
the calculations of efficiency. The measured 
Quantities are gi~an in Tables A1 and A2 and the 
calculated ouantities in Tables A3 and A4. A 
tyoicel calculation of the various efficiencies 
is given below to show how Tables A3 and A 4 
were produced.
Consider armature B when in series with A 
with the armature current 1^, 40.6 A and a 
terminal voltage 24.5 V. The load current 
of 2 is 18.4 A and the machine speed is 
234 r.o.m. 'Prom the calibration readings at 
0.7 A four values of torcue are required.
3*P
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For I. = 20 a
Torque T 2 - ?i.0 x 1 .335 = 32.0 TTm at both 
2 0 0 and 300 r.p.m.
For 1, = 15 A
Tonue -^tb= 1c*-7 x 1.535 = 25.3 Nm at both
200 and 300 r.p.m.
1.335 is the calibration figure that converts 
the torductor reading to Nm and is torcue
innut to ]oad machine 2 (or transmission 
associated with armature B output tornue).
Interpolation is only required between the 
two currents at which calibration readings were 
taken since for these particular readings the 
speed does not affect the torque. Using 
linear interpolation.
TAN# -<Ttb - *tb15) "(18.4 - 15.0)
T+v.20 - T.. 1 5)but TAN0 « — ------— —
20 - 1 5
hence T (?2 - ?6,?)«3.4+26.3 
tb 5.0
hence transmission output toraue = 30.2 Nm 
Transmission output power (Po.^) = load machine 
input power (PÌ2 ) = ^tb*w2
3*Q
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Therefore o^ = ~tb-n?‘30.0
^0.2 X 7’** ,o - 
30.o = 'MO
Tnrut "ovtot- to the armature v Pi. = T..V. =b b o
40.6 x 24.5 = 995 **.
The overall efficiency is then = 7A.4<
995
The armature resistance at the working tem­
perature of the motor is 0.035 . The total 
brush voltage drop is assumed to be a constant
1.5 V independent of the load current. Hence 
electrical power losses of the motor are:
ieb = Tb*Rb + Tb x 1 *5
= 40.6 x .035 + 40.6 x 1.5 = 119 W 
The running light losses of the motor, the 
mechanical losses, were measured for both 
armatures and are shown in Figure A1 .1 . A 
least squares technique was used to fit a second 
order equation to the losses versus speed they 
are. for armature A:
Tosses = —0.QA° + 0.0«55 x n + 1.94 x 10  ^x na
for armature R
Tosses = -«.22 + 0.0PQ3 x «b + 1.43 x 10-5x n£
wpe-vo n i>nd n. are sreed o-*’ armature A and R a o
in r.n.ir. respacH velv,
oj cö
wTîV*3. -fee? 'T-^ endix 1
,Tova. '’est AtirendiT 1
"M?I 1 U  .1
Resuits of test or twin armature dise motor with the'arme tures connected in series.
T Va T1 n1 Vb T9 n2
96 . 9 24 12.0 8.9 100 1 2.0 9.6 10625.Ó 24 1 2.0 P.3 102 12.0 8.9 10*20.7 74 12.0 5.Q 10* 1 2.0 6.3 11015.2 24 12.0 2.7 108 1 2.0 3.0 11010.2 24 1 2.0 0.2 114 12.0 0.5 1 20
A. A . 6 3* 17.7 20.0 152 18.8 22.5 170
3 7 . 0 35 17.8 15.1 1 58 18.2 1 6 . 5 170
3 7 . A 35 17.6 10.9 1 *2 18.4 11 .7 17023.0 5* 17.8 6.4 1 68 18.2 6.7 17215.? 35 17.9 2.5 174 18.1 2.5 1781 1 .0 35 18.0 0.2 174 1 8.0 0 . 1 174
53.0 48 23.0 26.6 208 25.0 29.5 23440.5 48 23.5 17.2 220 24.5 18.4 23433.8 48 23.7 12.4 225 24.3 13.3 23627.4 48 23.8 8.7 229 24.2 9.1 23820.2 48 23.8 4.6 233 24.2 4.7 2401 A.8 48 23.9 1 .6 238 24.1 1 .4 242
57.0 50 27.4 28.9 246 32.6 33-5 3044A.2 50 28.8 19.0 264 31 .2 21 .0 29234.8 50 29.5 12.4 274 30.5 15.5 29025.0 50 29.8 6.5 282 30.2 6.9 29220.5 60 29.8 3.9 288 3 0 . 2 4.3 294
50.2 72 32.8 31 .3 298 39.2 36.2 37451 .2 72 34.2 23.9 316 37.8 26.9 360
43.4 72 35.0 18.1 328 37.0 19.6 35434.8 72 35.2 12.2 336 36.8 13.2 3582*. 6 72 35.8 6.5 344 36.2 7.0 35821 .0 72 35.8 4.1 350 36.2 4.4 358
51 .d 84 3P.5 32.7 358 45.5 38.2 4425^.0 84 40.0 24.8 378 44.0 28.1 42645.2 «d 41 . 0 1 9.0 388 43.0 21 .0 4203*.0 P4 41 .3 1 2 .* 396 42.7 13.9 42027.2 84 41. 5 7.2 404 42.5 8.0 4241 9.0 Pd 41 .9 2.8 41 2 42.1 3.2 426
5d .2 0* 43.0 34.7 408 5^.0 41 .7 51853.5 os dS.O 24.0 449 50.0 97. S 499. • .g os 47.0 17.3 45A 4 9 .O 1 o.O 488
31 .R os An . P 10.0 4S4 4P. 2 1 1 . 0 4RS2A.0 QS 47.8 5.3 ¿74 48.9 5.7 49018.0 9e 47.0 2.2 4 80 48.2 2.4 402
Pyrnbo1 n ex lained on next pape
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Results from tests or twin ornature disc motor with the armatures connected in rara.llel.
VB Ta T-1 ni Tb T2 n2
24 50.4 23.7 2 2 0 45.8 23.3 22224 42.P 18.0 200 38.0 17.0 22024 32.P 1 1 .8 220 2Q.2 11 .0 22224 30.4 9.9 222 26.8 P.1 0 2 424 23.5 5.9 pOP 20.4 5.2 226
3* P1 .4 33.5 344 5«.0 32.7 3463« 54.2 27.5 346 5 0 . 0 26. n 3443* 43.2 17. Q 346 38.P 17.3 3443* 29.0 e.Q 344 26.0 7.8 34 63* 22.2 4 . 8 350 1 P.2 3.7 350
4P 56.0 27.3 458 50.4 25.P 4604P 50.8 22.8 566 44.8 21 .0 46848 43.6 17.4 462 3°.0 15.4 4604P 3 0 .P 0 . ? 47? 26.0 7.4 4721 9.8 2.9 478 16.0 1 .1 478
72 72.4 47.8 6 94 6 6 . 4 46.8 69472 67.6 38.5 706 61 .4 37.2 70672 56.8 26.2 708 5 1 . 0 24.7 70872 44.6 1 6.9 710 39.6 15.4 71472 3 1 . 0 8.5 726 26.6 6.4 72872 24.4 4.6 732 20.2 2 . 8 730
96 76.6 49.1 920 68.4 47.4 924
qc 58.8 24.8 946 51 .8 23.1 946
OP 46.8 1 6.7 960 40.2 13.8 96896 33.4 8.5 976 26.2 5-3 968
96 2* .8 A , 6 980 1 P.6 1 .5 990
I — Total disc armature motor current (A)
V B
- Total disc armature motor voltafre ( V )
V g. = A rm a to re voltare of A ( V '
Y h Armature voltar« of B (V >
Ta = Armature ourrent of A  ( 4 )T
l b =
A 7*m 0 -^ i i■»•p c v r T e i r t  of B (fi)
1
i = A -TTT9 0 bn 7*ri ■yr*or> f; ^ in o ri r n p ^ i n o  1 (fi.)
T 2 = current in i r?obi.ne 2 (a)
ni = ~«ch',ne 1 (r.r.m
no *= c!‘r'op/i machine 2 (■’•’.n.m .)
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r e ^ fo ra sn o e  o f  motor A c a l c u l a t e d  from th e  d a t a  ^ Iv sn  in
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Tables 41.1 and «1.2. 
Armatures in series
fjl T!«  T3-1 nte a ta Wsa vma Vea Va Poa na '"ta nta
V = 24 
1 « . 8
V
174 314 56.0 138 28.4 63.3 91 .7 2 2 2 70.8 4 6 . 3 79.3
15.9 170 300 54.7 1 30 29.0 5Q.4 8 e . 4 21 2 70.5 41 . 6 80.7
1 2 . 1 134 248 54.0 114 30.3 46.1 76.4 172 69.2 37.6 77.Q5.8 65.6 182 34.0 1 1 6 31 . 0 30.9 61 .9 1 20 6 6 . 0 54.1 54.*
0.5 5.4 1 2 2 4 . 4 117 33.0 18.9 51 .9 70.5 57.6 6 5 . 1 7.4
7 = 3 *
32.7
V
520 797 67.8 247 46.0 137 183 584 76.1 64.5 8 9 . 025.5 424 9 5B 94.4 234 48.2 1 03 152 506 76.9 82.4 83.«
1 °.9 338 535 6 3 . 2 197 49.6 77.9 1 28 407 76.1 69.5 8 3 . 01 3.0 229 409 56.0 1 80 51 . 8 53.0 105 304 74.3 75.2 75.35.4 95.0 272 34.9 177 54.0 30.9 84.9 187 6 8 . 8 92.1 50.8
0.5 8.2 1 98 4.1 190 54.0 22.6 76.6 1 2 1 61 . 3 113 6 . 8
V = 48 
40.3
V
878 1 219 72.0 341 67.0 1 7 8 245 974 79.9 96.0 90.1
29.0 968 954 70.0 286 71 .7 119 191 763 80.0 95.3 87.5
22.1 521 801 65.0 280 73.7 90.7 1 64 637 79.5 1 1 6 81 . 8
16.5 396 652 60.7 256 75.3 67.4 143 509 78.0 1 1 3 77.8
10.0 244 481 50.7 237 76.9 44.6 1 2 2 359 74.6 1 1 6 6 8 . 0
3.5 87.0 353 24.9 266 79.0 29.9 109 244 69.1 157 35.6
V = 60 
41 .7
V
1073 1562 68.7 489 82.3 199 281 1281 82.0 208 8 3 - 831 .5 871 1273 68.4 402 89.9 135 225 1048 82.3 177 83.1
22.2 637 1026 62.1 389 94.1 94.6 189 837 81 . 6 200 76.11 3.2 390 745 52.3 355 97.6 59.4 157 588 78.9 198 6 4 . - 58.4 253 614 41 .2 361 1 0 0 45.8 1 48 466 75.9 215 54.3
V = 72 
44.8
V
1 398 1975 70.8 577 105 217 322 1653 83.7 255 84.637.4 1 238 1751 70.7 513 113 169 282 1 469 84.9 ?31 84.430.3 1041 1519 6 9 . 5 478 118 131 24 9 1270 8 3 . 6 229 79.5
21 .o 771 1225 42.Q 454 1 2 2 Q0.7 21 3 1 0 1 2 82.6 241 76.213.2 476 917 51 .9 441 1 29 91 . 3 187 730 79.6 254 *5.7
8 . Q 329 751 43.4 425 1 20 46.9 176 576 76.6 249 5 6 . 6
v = a/i 
45.7
V
171 5 2363 72.4 948 1 33 224 3 5 m 2004 84.5 327 85.539 . 9 1 540 21 20 72.6 590 1 42 1 7 8 320 1 800 84.9 260 85. r31 .5 1 280 1853 6Q . 1 573 147 1 30 284 1 567 84.4 287 81 .722.4 °30 1 489 62.6 599 152 99.4 251 1 235 83.1 305 75.3
14.4 1 1 28 54.0 519 1 56 66.7 223 905 80.2 296 *7.39.1 2C3 796 33.0 533 1 90 41 .1 201 595 74.8 332 44.2
(continued)
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T.ta Pil Pia nta V sa '*rm" a Wea Va Poa na ”'ta n4-ta
Vt = O c V
AC .P 7000 2761 72.4 7«1 1 58 241 300 23«2 p5 • 5 3«2 Pd .739. o 1 801 2466 7 3 . 0 6*5 17 6 181 3«7 9 1  O O 85.5 ■j o p °P .4uo.3 1 393 20 6P rn # /i « 7 s 182 1 34 31 « 1782 P/t .7 558 no, c
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Symbols are as for Table *1.3 with subscripts changed for the
disc rrotor from (a) to (b).
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Tests to Determine the Performance
\T'rend±x tjt
Characteristics of the Lee-Dickens 
10 KW Disc Motor
1. Introduction
These tests were carried out during the period 5th November 
to 5th December 1980 on a second build of this particular motor.
For this build a new armature was fitted and a means of 
adjusting brush position incorporated.
A series of six 15 mm dia. holes were also drilled around 
the periphery of the casing in line with the disc armature to assist 
motor ventilation.
2. Test Rig and Instrumentation
The test rig was identical to that used for the first build 
of the motor. A Heenan & Froude Hydraulic Dynamometer provided the load. 
This was driven through a shaft which incorporated a torque meter and fly­
wheel. The flywheel was originally incorporated in order to damp out any 
load fluctuations which might occur when operating the Dynamometer at 
the bottom end of its load range and was also available for carrying out 
any subsequent transient tests. The layout of the test rig is shown in 
Fig. 1.
Speed was measured by means of an electro-magnetic transducer 
placed adjacent to the coupling flange. This gave an output of eight 
pulses per rev. which was fed to a counter displaying RPM directly.
3P4
Current and voltage were measured using standard meters.
Motor temperatures were measured by means of thermocouples 
positioned at the following locations:
1. On the outside of the motor casing.
2. Adjacent to the outer race of the non-drive
end bearing.
3. On the side of one of the permanent magnet
pole pieces.
3. Tests and Results
Prior to carrying out load tests the brushes were first set 
to the optimum position. A series of preliminary tests were then 
carried out followed by the following main tests, the results of which 
are included in this report.
\
a) No Load Tests ,
These tests were carried out with the motor output coupling 
disconnected. Input power and speed were measured for a range of supply 
voltage. Tests were repeated at different temperature levels. The 
results are shown in Fig. 2. /
b) Load Tests
During the preliminary tests it was found that the motor speed 
for any set voltage and motor load was extremely sensitive to temperature. 
To obtain consistent performance data therefore, all load tests were
carried out with the motor at high temperature where temperature 
changes were small over the period of each test.
Performance data at 24, 48, 72 and 84 volts are given in 
Figs. 4 to 7. Performance data at 48 volts is also given in Fig. 5 
with the motor at a lower temperature.
Motor speed at 84 volts was in excess of the design speed 
of 4000 rpm therefore no tests were carried out at higher voltages.
c) Heat Run
The final test carried out was at 84 volts and a constant 
input current of 100 Amps (Power Input 8.4 KW), from cold. Initially, 
as temperatures increased, the speed increased, however part way 
through the test there was a period when the speed decreased before 
increasing again at the normal rate. (Fig. 8) Finally after 30 minutes 
running and with the motor casing at a temperature of 70°C smoke was
emitted from the motor and the test was abandoned. Examination of the/
armature through one of the ventilation holes indicated that damage to 
the armature had occurred. It is considered that the period when speed 
decreased was associated with deterioration of the armature.
4. Piscussion '
The most significant result arising from these tests has been 
the large variation of motor speed with temperature. The characteristics 
of the permanent magnet material are such that a reduction of flux of
0.2% per °C would be expected which would directly affect the mrtor speed 
Fig. 8 however indicates a much higher value than this.
A further related point which arises is that at 96 volts the 
speed would be approximately 4700 rpm compared with the design speed 
of 4000 rpm.
The measured performance data given in Figs. 4 to 7 indicates a 
progressive increase in peak efficiency with motor voltage. The first 
series of tests carried out at 84 volts gave a peak efficiency of 80X, 
however subsequent tests carried out just prior to armature failure gave 
higher efficiencies, approaching 87*. For the second tests the motor had 
been running for a long period at high temperature and the whole motor was 
probably at a higher temperature than during the first tests (this tends 
to be confirmed by the motor running at a higher speed). The reason for the 
higher efficiency was the higher speed since all other readings were 
identical.
The no-load test results of Fig. 2 have been processed on the basis 
that friction torque is independent of speed. This has enabled values of 
friction and windage power loss to be evaluated separately also the variation 
of friction loss with temperature has been determined as shown in Fig. 3.
The high value of bearing friction when cold was apparent during • 
tests where, during the first 15 minutes of running, the bearing temperature 
always increased at a faster rate than any other temperature on the motor.
It is considered that this is probably associated as much with bearing seal 
friction as friction in the bearing itself.
5.
During the course of the tests it was not possible to stabilise 
temperatures below 70°C casing temperature at any load above 3-4 KW.
Obviously a serious study of motor cooling is essential.
5. Conclusions
1. Due to speed limitations it was not possible to carry out 
any tests at voltages exceeding 84 volts
2. The maximum power output at 84 volts was 8.5 KW at 120 amps.
At this point the speed was 4200 rpm and with the motor at 
high temperature the efficiency was 85%. It is considered 
that running at this condition for even the short period of the 
tests caused damage to the armature.
3. The motor speed was found to be extremely sensitive to temperature. 
This is an aspect which requires further investigation.
Except for the high temperature test referred to in (2) all 
efficiencies were below 80% and generally efficiency was also 
found to be sensitive to temperature.
Temperature also had an effect on bearing friction losses. It is 
considered that a different type of bearing mounting arrangement 
and different bearing seals should be considered.
Motor cooling is completely inadequate and a serious study of this 
aspect is essential.
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DESIGN AND PERFORMANCE OF PISC-ARMATURE D.C. MOTORS 
FOB TRACTION APPLICATIONS
M.R.N.Ali, A.E.Corbett, M.A.Ozpolat (University o f Warwick) 
and C.S.Roerig (Moore Reed and Co L td ).
1. Introduction
The disc-armature d.c. motor has potential for use in electric traction because of its high operating efficiency and good power density. This improved perfor­
mance over conventional machines results from the elimination of all iron losses 
in the machine and the use of a multi-polar permanent-magnet field system. As 
the field is axial the active conductors have to be oriented radially, with 
circumferential end-windings, and the armature is thus constructed of individual 
pre-formed coils nested together to form a thin multi-layer disc (Fig.l). The 
coils are connected to a conventional commutator and the usual lap, wave and 
duplex windings are all possible. The complete assembly is encapsulated in epoxy 
resin for rigidity and mechanical strength and therefore there is no rotating iron in the motor. Furthermore the low inertia of the armature gives good 
dynamic response in applications where this is desirable*. A complete motor assembly is shown in Fig.2.
2. Magnet Materials
A wide range of magnetic materials is available for use in these motors, ranging from sintered ferrite to the more exotic rare-earth materials. Specifying which 
material to use depends largely on the motor application^ but as the airgap of the machine is relatively large, comprising the complete disc thickness and a suitable running clearance on each side, materials with a high coercive force are usually the most appropriate. This is particularly the case in traction applications 
where the need for high mechanical strength under arduous duty cycles, and several 
layers of relatively heavy-gauge wire often lead to a large disc thickness.
Ferrite materials are particularly suitable here because they have a high coerci- vity, and also the added advantage of being the cheapest material available. How­
ever, since the working flux density and the energy density are relatively low 
it is sometimes necessary to specify alternative materials although these generally 
cost much more.
The use of high remanence magnets means that it is easier to design an efficient 
machine, but because of the reduction in coercive force a large amount of the material will be needed when a large air gap is also required. Fbr these reasons 
ferrite magnets are specified wherever possible and it has been found3 that the cost advantage in doing so generally far outweighs the snail reduction in motor 
efficiency. One method of reducing the effective airgap in the machine is to 4 introduce iron powder into the epoxy resin used for encapsulating the armature. 
However, this also Introduces hysteresis and eddy-current losses into the machine 
and results in magnetic pull between stator and rotor.
3. Use as a Traction Motor
It was envisaged at an early stage that the motor would prove advantageous for g battery traction applications, and the first prototypes were built for this purpose.' More recent work has involved designing and constructing prototypes for applications varying from an electrically driven moped to a high-performance hybrid cax. One 
aspect of the work has been the comparison of disc-motor performance with that of a conventional series-wound traction motor. A small three-wheeled car has been 
converted to electric drive for evaluation of the motors. Typical efficiency curves are shown in Fig.3 and the benefits of disc-motor drive are apparent over 
all operating conditions.
In terms of vehicle performance an increase of 20Ji in steady-speed range may be 
expected when a disc-armature motor is used.
It has been found that in many battery traction applications an inefficient drive 
system can be replaced with a disc-motor correctly matched to a high-performance 
mechanical transmission. The benefit can be taken as extended range and/or reduced battery requirement.
The limited performance of electric vehicles has been the subject of much recent debate, and one solution is the hybrid electric vehicle. In one such vehicle, 
battery power is augmented by a diesel driven generator. Fig.it- shows a twin-rotor disc-motor which has been specially developed for a hybrid car. The two armatures 
operate independently in a common magnetic circuit and each armature drives one rear wheel of the vehicle through an efficient belt drive. Thus differential action 
is accomplished electrically, eliminating the need for the conventional final drive, a source of heavy losses in many electric vehicles.
4. Motor Design
The design of a d.c. disc- armature motor is a straightforward process. With 
reference to Fig.5 it can be shown that for maximum power from the machine the relationship r^ = r^  must be satisfied. Also, for a given magnet material, the
actual power output is proportional to the cube of r?. It is possible to derive an equation relating the speed, power and voltage of a motor to the optimum value of r2 
Other important factors to consider are the number of poles and colls to be used. Specifying too fgw poles leads to excessively long end-windings thereby increasing 
the associated I K loss. On the other hand, since for commutation reasons, a 
minimum number of coils/pole must be specified, a large number of poles can result 
in an excessive number of coils and commutator segments, and ultimately in im­practicable solutions. Also, magnetic leakage increases with pole number. Even with these limitations a large number of feasible alternatives can be considered to meet a design specification. It would certainly be a tedious process to design 
by hand even several of these options for optimization over efficiency or power density, but fortunately digital computing techniques can be used to advantage here. Several programs have been written which ease the burden on the motor designer 
and the most powerful version produces a series of alternative designs when given the power, speed and voltage requirement. In addition the designs for optimum 
efficiency and power density are output separately. It is also possible to specify in more detail parameters such as number of poles, number of colls, gauge of wire, any size limit, type of winding, magnet working point,etc. This would normally be a 
second stage of the procedure and the final step is the complete specification of 
one design with a set of predicted performance curves included in the output.
5. Motor Performance
1An important factor in traction applications is the thermal behaviour of the motor, 
especially when related to conditions of overload. Conventional motors have a large 
mass of iron in the rotor to absorb the heat produced by the armature windings. By comparison the heat storage capability of a disc-motor is poor, and the thermal performance must be based upon how quickly heat from the armature can be dissipated. 
The use of permanent magnet means, of oourse, that there is no heating from field 
windings. The epoxy resin used for armature encapsulation must be able to with­
stand high temperatures without undue flexing, but it must also be able to accomm­odate expansion of the copper it surrounds. Good heat transfer results from the armature conductors being close to the surface of the disc and the large surface area presented by the disc geometry. The naturally induced radial airflow can 
assist in the cooling process.
Practical tests have involved temperature measurements while the motor is on load. 
This enables allowable temperature rise in the disc to be determined along with an assessment of permissible magnitudes and durations of armature current. Fig.8 gives results of a heat run on the motor shown in Fig.2 . The thermal time con­stant is about 60 minutes and this is shorter than in conventional machines of similar output. Results have shown that the motor is able to run continuously
with an armature temperature of 108°C which corresponds to twice the design current. 
As in conventionally constructed machines even higher overloads can be tolerated 
for shorter period of time - an important consideration in traction applications.
No significant armature distortion or deflection has been noticed during testing.
6. Motor Control
The control of d.c. machines is a well-researched subject and in the field of 
battery electric vehicles there are several methods available?'8 Resistive control and battery switching have long been used although these are generally inefficient 
and unsophisticated. Developments in semiconductor technology have allowed the thyristor controller to provide an efficient if relatively expensive solution, but 
secondary effects related to battery and/or motor life and performance have yet to be accurately determined. This type of controller operates by switching the supply 
voltage across the motor for varying periods of time at frequencies typically in the range 300 - 1000 Hz. The inductance of the motor windings ensures that current 
flows continuously in them to give smooth, variable-speed operation.
Battery switching and resistive control may easily be applied to disc-armature 
motors, but when using chopper controllers account must be taken of the extremely low armature inductance. The switching element will be applied to what is almost 
pure resistance and the armature current will tend to follow the applied voltage 
waveform. The high degree of current ripple can have an adverse effect on the 
motor/controller combination, and indications are that controllers with normal 
switching frequencies will generally be incompatible with this type of machine. 
Specifying a much higher switching speed means that thyristors are no longer suitable and the high power switching transistor must be used. A controller of 
this type has been built for an electric car but for efficient operation the frequency has had to be limited to about 6 kHz. To give acceptable ripple it has 
been calculated that frequencies around 5°-60 kHz are needed and therefore, unless 
suitable advances are made, it would appear that extra inductance will have to be 
added to the motor circuit when controllers of this nature are to be used.
7. Conclusions
The disc-armature motor has been shown to have significant advantages when used in 
traction applications. The efficiency and power density are improved over compar­able d.c. machines and the motor performs well under conditions of overload. Care must be exercised when specifying the control system when chopper-type drives are to be used. Further work on various on-going projects will enable more experience 
of the traction use of the motor to be gained.
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1. INTRODUCTION
While the major limitation on electric vehicle performance remains 
that imposed by the lead/acid battery every effort must be made to ensure 
the most efficient use of the energy available for vehicle propulsion. On 
an energy per unit weight basis petrol can have up to 200 times that of a 
lead/acid traction battery^ with obvious advantages for road transporta­
tion. Two parameters of the electric traction motor which have con­
siderable bearing on the overall vehicle performance are the efficiency 
and power density (ratio of motor power to motor weight). The disc 
armature d.c. motor is superior in both respects to the conventional 
series wound motor which has been an almost universal choice for battery 
electric traction applications.
The topology of the machine is radically different from conven­
tional machines in that the active conductors rur. radially and are en­
capsulated in a plastic material (e.g. epoxy resin) to form a thin disc.
It is thus necessary for the working magnetic flux to be oriented in the 
axial direction. The machine is multipolar with typically 6 to 12 poles.
As no iron is contained in the armature the associated losses are eliminated 
but the magnetic airgap tends to be relatively long which makes it 
appropriate to use permanent magnets to supply the magnetic field. The 
elimination of eddy-current and hysteresis losses combined with permanent 
magnet excitation lead to the high efficiency and power density mentioned 
above. The machine differs from the printed circuit axial field motor in 
that wound, multi-turn coils are used with conventional commutator and 
brushgear. This has the advantage of potentially higher reliability, 
especially under overload conditions, as the conductors are shielded from 
the elements. It is also possible to consider all the usual armature 
winding patterns (lap, wave etc.). After winding the individual coils 
(Fig. 1) they are nested together, connected to the commutator (Fig. 2) 
and the complete assembly is then encapsulated in a purpose-built mould.
The stator assembly is made by fixing the segment magnets to steel flux- 
return rings which can form part of the motor case. A complete motor 
assembly is illustrated in Fig. 3.
2. MAGNET MATERIAL CHOI CE
As with any permanent magnet machine the choice of magnet materialp
depends heavily on the machine application . A wide range of materials is
available and the characteristic demagnetisation curves of a
representative selection are shown in Fig. 4. Machines using materials of
higher remanance (or higher working flux) tend to have higher values of
efficiency but unfortunately these materials are usually very expensive.
The relatively long airgap in the machine, especially in the traction
versions, lends itself to materials of high coercivity although these do
not provide a high working flux density. Clearly a compromise has to be
sought but as the machine is inherently efficient it has been found 
3
possible to produce designs using the cheapest material available
(Barium Ferrite) which compare very favourably with similar designs4
using the more expensive materials (Alnico and rare-earth SmCog). The
ferrite material is worked well above the BH point on themax
demagnetisation curve (that point corresponding to optimum material 
utilisation) and although this means a larger amount of magnet material 
will be required the low cost of the material does not preclude this with 
the benefit apparent as a higher working flux density. However, as the 
flux is still less than that obtained using any other material a higher 
copper content in the armature must be specified to compensate. This in 
turn will lead to higher copper losses and thus the machine will tend to 
have a slightly reduced efficiency. While it is difficult to generalise 
here an impression of the difference in efficiency between an Alnico- 
magnet disc motor, a ferrite-magnet disc motor and a conventional series 
wound motor may be gleaned from Fig. 5, and although for the reasons 
stated the efficiency of the ferrite disc motor will never be as good as 
the alnico version the improvement over the series machine is quite 
dramatic. One method of reducing the effective length of the airgap in 
the machine, and thus the amount of magnet material required is to in­
troduce iron powder into the epoxy resin used for encapsulating the 
armature5. However, this also introduces eddy-current and hysteresis 
losses and results in magnetic pull between stator and rotor.
3. USE IN BATTERY ELECTRIC TRACTION
In the original patent for the design of the machine5 electric 
traction was mentioned as a specific application and the early prototypes 
were built for this purpose7,5 although other, very different applications 
have also been found9 . Of particular interest is the concept of motorised
g
wheal units where the electrical machine is situated adjacent to the 
driven wheel and becomes part of the vehicle unsprung weight (Fig. 6).
The unit should be as light as possible and thus the electric motor is 
designed to have a very high operating speed (in excess of 10,000 rev/min). 
Suitable gearing must, of course, be interposed between motor end road- 
wheel. More recent work has employed the more conventional layout of an 
inboard motor driving the wheels of the vehicle through reduction gearing. 
(Any solution involving direct drive of the road wheels generally 
necessitates the specification of a heavy and inefficient machine.)
Various projects have been established to demonstrate the benefits 
of drives using disc-armature motors. A machine rated at. 96 V, 7.5 kW 
and 3400 rev/min has been built for evaluation in a small electric car 
based on the Reliant Robin. In this project the disc motor is being com­
pared with an equivalent series-wound motor with boch machines designed to 
drive through the existing 4-speed gearbox and rear axle. The disc motor 
employs magnets of the alnico type (Hycomax 3) which allow a moderately 
high air-gap flux density and lead to a very high motor efficiency (Fig. 5). 
Unfortunately the cost of alnico material has increased quite dramatically 
during the course of the project owing to a large increase in the world 
price of cobalt, and it is considered that magnet material of this type 
will not become widespread in traction motor usage. A machine using 
ferrite magnets has been developed for use in a hybrid sports car, the 
Dragonfly Nova (Fig. 7). The motor is rated at 96 V, 20 kW, 4000 rev/min 
and is novel in that two rotating armatures are used in a common magnetic 
circuit. The motor has two independent output shafts which power the rear 
wheels through belt-reduction gearing thereby eliminating the need for a 
mechanical differential gear. Significant savings in weight and cost 
result from adopting the twin-rotor arrangement ratr.er than two separate 
motors. The vehicle also employs a disc-armature generator having many 
parts v/hich are common to the motor.
Prototypes for lower power traction applications have been produced 
including machines rated at 12 V, 900 W, 2500 rev/min; 72 V, 1100 W, 2500 
rev/min; 24 V, 130 W, 2000 rev/min and 20 V, 180 W, 4000 rev/min. 4
4. MOTOR PERFORMANCE
Although different in construction the disc armature motor obeys the 
same fundamental electromagnetic laws as any rotating electrical macnine.
As permanent magnets are used to provide a constant magnetic field the 
operating characteristics of the machine are quite straightforward.
Essentially, the rotational speed is proportional to the applied voltage 
and the torque developed is proportional to the current drawn. At any 
constant applied voltage the speed falls only slightly as the torque and 
current increase. The field distortion caused by armature reaction 
effects is negligible as the air-cored coils and large number of poles 
means that the demagnetising force per pole is quite small. Similarly, 
no permanent demagnetisation effects have been recorded with any motor of 
this type. The low inductance of the armature allows good commutation 
and thus machines with high rotational speeds may be considered, leading 
to high specific outputs. As the armature reaction field is negligible 
the brush position may be set on the neutral axis thus allowing re­
generation and motor reversal to be accomplished easily. As can be seen 
from Fig. 5 the high motor efficiency is maintained over a wide range of 
power output.
An important factor in traction applications is the thermal behaviour 
of the motor especially when related to conditions of overload.
Conventional motors have a large mass of iron in the rotor to absorb the 
heat produced by the armature windings. By comparison the heat storage 
capability of a disc armature motor is poor and the thermal performance 
must be based upon how quickly heat from the armature can be dissipated.
The use of a permanent magnet field means, of course, that there is no 
heating from field windings. The armature encapsulation material must be 
able to withstand high temperatures without undue flexing, but it must 
also be able to accommodate expansion of the copper it surrounds. Good 
heat transfer results from the armature conductors being close to the 
surface of the disc and the large surface area presented by the disc 
geometry. The naturally induced radial airflow can also assist in the 
cooling process with forced cooling possible under particularly arduous 
conditions of operation. Extensive tests have been carried out on proto­
type machines in order to investigate the performance parameters 
thoroughly and accurately. These include measurement of armature and case 
temperatures under various loading conditions and it has been found 
possible^0 to operate the motor with armature temperatures in excess of 
100° C. It is necessary however to take into account the reduction in flux 
density at these temperatures, particularly in the case of ferrite mag­
nets whose reversible coefficient of demagnetisation with temperature is 
approximately 10 times that of alnico materials.
5 . MACHINE DESIGN
The design of a disc armature motor is based upon two fundamental 
relationships. With reference to Fig. 8 these are:
p a r23 (.1)
where P is the output power and r2 the outer active radius (the outer 
radius of the magnet ring).
r2 = /T; r i  (2)
where r^  is the inner active radius. Equation (2) has been found11 to
yield the maximum power output for a given machine diameter. The constant
of proportionality in equation (1) depends on such parameters as magnet
choice, winding details, operating voltage etc., and it has been found 
12possible to derive an equation relating these factors to yield the
optimum value of r2 for a given motor speed, power, voltage, and magnet
material. Having determined r2 (and thus r-|) in this manner there are
still many design possibilities available with wide variation in the number
of poles and coils, for example. Specifyina too few poles leads to2
excessively long end-windings thereby increasing the associated I R loss. 
On the other hand, since for commutation reasons, a minimum number of 
coils per pole must be specified, a large number of poles can result in 
an excessive number of coils and commutator segments and ultimately in 
impractical solutions. Also magnetic leakage increases with pole number.
It would certainly be a tedious process to design by hand even several of 
these options for optimisation purposes, but fortunately digital computing 
techniques can be used to advantage here. Several programs have been 
written which ease the burden on the motor designer and the most powerful 
version produces a series of alternative designs when given the power, 
speed and voltage requirement. In addition, the designs for optimum 
efficiency and power density are output separately and once a given design 
has been chosen a set of predicted performance curves may additionally be 
produced.13
6. MOTOR CONTROL
There are several methods of controlling the speed of a battery 
electric vehicle ranging from the simple but inefficient resistive control 
to complex and expensive electronic chopper circuits. The choice of
controller rests very much with the envisaged application. For a vehicle 
which runs for the majority of the time at maximum speed a combination of 
battery switching and resistive control would probably be the best option; 
for those intended to operate on public roads alongside conventional i.c. 
engined vehicles an efficient electronic chopper may well be the most 
appropriate solution. While battery switching and resistive control may 
easily be applied to disc armature motors care must be exercised if a 
chopper controller is to be used. The extremely low value of armature 
inductance means that a high degree of current ripple will be likely at 
conventional switching frequencies. This is exactly the opposite condition 
to that found in the series wound motor whose inductance assists in sus­
taining a relatively constant motor current. The problem may be overcome 
by specifying a higher switching frequency although this entails using a 
power transistor instead of the more usual thyristor. There is, however, 
a maximum switching rate that may be used with transistors and research 
is continuing into this important area of application.
7. CONCLUSIONS
The disc-armature motor has been shown to have significant advan­
tages when used in traction applications. The efficiency and power 
density are improved over comparable d.c. machines and the motor performs 
well under conditions of overload. The design of such motors is now a 
straightforward process using CAD procedures and, although selecting 
control methods requires some care, considerable benefits are nevertheless 
available for battery electric vehicles.
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M .R.N . A i i  and A .E . C o r b e t t  
U n i v e r s i t y  o f  W a rw ick , UK
DESIGN AND PERFORMANCE OF A 10 kW D.C. DISC MOTOR WITH FERRITE MAGNETS
INTRODUCTION
D evelop m ent o f  th e  a x i a l - f i e l d ,  p e rm a n e n t-m a g n e t, d .c .  
d is c  m o to r  h as  d e m o n s tra te d  s i g n i f i c a n t  im p ro vem en ts  
o v e r  c o n v e n t io n a l  m a ch in e s  i n  te r m s  o f  e f f i c i e n c y  and  
pow er d e n s i t y ,  g i v i n g  th e  m a ch in e  g ood  p o t e n t i a l  f o r  
a p p l i c a t i o n  i n  e l e c t r i c  and  h y b r id  v e h i c l e s .  F u r th e r ­
m ore th e  s h o r t  a x i a l  l e n g th  and  h ig h  p o w e r- to -v o lu m e  
r a t i o  o f  th e  m ach in e  f a c i l i t a t e  t h e  d e s ig n  o f  com pact 
t r a c t i o n  s y s t e n s .
The e s s e n t i a l  d i f f e r e n c e  b e tw e e n  t h e  d . c .  d i s c  m o to r 1 
a rd  i t s  c o n v e n t io n a l  c o u n t e r p a r t  l i e s  i n  th e  d i s ­
p o s i t i o n  o f  th e  a c t i v e  c o n d u c to r s  and  th e  w o rk in g  
m a g n etic  f l u x :  i n  th e  d i s c  m o to r  t h e  m a g n e tic  f l u x  i s  
p a r a l l e l  t o  th e  s h a f t  and  th e  a c t i v e  c o n d u c to rs  a r e  
p e r p e n d ic u la r  t o  i t .  T h is  c o n f i g u r a t i o n  le n d s  i t s e l f  
w e l l  t o  h ig h  p o le  num ber d e s i g n s ,  and  th e  h e a v y  s t e e l  
y o k e  o f  c o n v e n t io n a l  m a ch in e s  i s  r e p la c e d  b y  t h i n -  
s e c t i o n  s t e e l  f l u x  r e t u r n  r i n g s  a n d  a  l i g h t  a l l o y  
fra m e . U sin g  p e rm a n e n t m a g n ets  i t  i s  p r a c t i c a b l e  t o  
em ploy a  c o r e l e s s  a rm a tu r e  c o n s t r u c t i o n  w h ic h  f u r t h e r  
p ro m o te s  w e ig h t s a v in g  and  m eans t h a t  no  i r o n  i s  su b ­
j e c t  t o  a  v a r y in g  m a g n e t ic  f l u x .  The a b s e n c e  o f  i r o n  
lo s s e s  and  e l i m i n a t i o n  o f  th e  r e q u ir e m e n t  f o r  
e x c i t a t i o n  p ow er a r e  b o th  h e l p f u l  i n  th e  q u e s t  f o r  
h ig h  e f f i c i e n c y .
MAGNETIC CIRCUIT
T ie  a x i a l  m a g n etic  f i e l d  i s  p ro d u c e d  b y  p e rm a n e n t magnet 
p o le s  w h ic h  a r e  s e g n e n ts  o f  a  t o r o i d ,  a l t e r n a t e l y  
m a g n e tis e d  and  bon d ed  t o  a  s t e e l  r i n g  t o  p r o v i d e  a  
m a g n etic  p a th  t o  a d j a c e n t  m a g n e ts . The m a g n e t ic  c i r ­
c u i t  i s  c o m p le te d  e i t h e r  b y  a  s e c o n d  s e t  o f  p o l e s  o r  a  
s t e e l  r i n g  o n ly  on  th e  o t h e r  s i d e  o f  th e  a i r  g a p .
The a i r - g a p  le n g th  i s  d e te r m in e d  l a r g e l y  b y  t h e  c h o ic e  
o f  p e rm a n e n t m agnet m a t e r i a l .  F i g .  1  show s demag­
n e t i s a t i o n  c u r v e s  o f  t h r e e  m a g n e t ic  m a t e r i a l s  w h ich  a r e  
c o r m o n iy c o n s id e r e d .  D e sig n  s t u d i e s  h a v e  show n t h a t  i f  
th e  s e l e c t i o n  o f  m a g n e t ic  m a t e r i a l  i s  b ase d  on  
o b ta in in g  maximum p o w er d e n s i t y  f o r  th e  m a ch in e  th e n  
sam arium  c o b a l t  s h o u ld  b e  s p e c i f i e d .  To a c h ie v e  th e  
h ig h e s t  f l u x  d e n s i t y  i n  th e  a i r  g ap  a ln i c o  s h o u ld  be 
s e l e c t e d ,  b u t th e  le n g th  o f  t h e  p o le s  c a n  b e  e x c e s s iv e  
ow ing  t o  th e  r e l a t i v e l y  lo w  c o e r c i v i t y .  The m ain  
d raw b a ck  o f  b o th  sam ariu m  c o b a l t  and  a ln i c o  m a t e r i a l s  
i s  t h a t  t h e i r  c o s t s  a r e  p r o h i b i t i v e l y  h ig h  f o r  many 
c c r o n e rc ia l  a p p l i c a t i o n s .
In contrast, the cost of ferrite material is low enough
t o  make i t  v i a b l e  i n  s p i t e  o f  i t s  le w  rem anence a n !  
e n e r g y  d e n s i t y .  F o r  econ om ic  u s e  o f  m agnet m a t e r i a l  i t  
i s  g e n e r a l  p r a c t i c e  t o  w ork  th e  m a t e r i a l  n e a r  t o  th e  p o in t  
o n  th e  d e m a g n e t is a t io n  c u r v e  w h ic h  g i v e s  (B H )r a x , b u t 
i n  th e  c a s e  o f  f e r r i t e s  i t  i s  b e n e f i c i a l  in  te rm s  o f  
o v e r a l l  c o s t  e f f e c t i v e n e s s  t o  w o rk  th e  m a t e r i a l  a t  
h ig h e r  v a lu e s  o f  f l u x  d e n s i t y  o w in g  t o  th e  lo w  c o s t  and  
lo w  d e n s i t y  o f  th e  m a t e r i a l .  I n  t h i s  way a c c e p t a b le  
a i r  g ap  f l u x  d e n s i t i e s  c a n  b e  a c h ie v e d  w ith o u t  in c u r ­
r i n g  e x c e s s iv e  w e ig h t and c o s t  p e n a l t i e s .  H ow ever, 
s i n c e  th e  f l u x  d e n s i t y  i s  s t i l l  lo w  i n  c o m p a riso n  w i th  
e le c t r o m a g n e t i c a l l y  e x c i t e d  m a c h in e s ,  a  h ig h  c o p p e r  
c o n te n t  i n  t h e  a rm a tu re  m ust b e  s p e c i f i e d  t o  compen­
s a t e .
THE DI3C ARMATURE
THe a rm a tu re  h a s  a  c o r e  l e s s ,  d is c - s h a p e d  w in d in g , th e  
w ire -w o u n d  c o i l s  o f  w h ich  h a v e  a n  e v e n  num ber o f  l a y e r ?  
and  a r e  e n c a p s u la te d  i n  a  p l a s t i c s  m a t e r i a l  t o  fo rm  a  
r i g i d  d i s c  h a v in g  no c o r e  l o s s  (ed d y  c u r r e n t ,  
h y s t e r e s i s )  s i n c e  i t  i s  i r o n  f r e e .  As i n  a n y  e l e c t r i ­
c a l  m a ch in e , th e  e l e c t r i c a l  lo a d in g  i s  l i m i t e d  b y  th e  
pow er l o s s  i r .  h e a t in g  and  th e  p e r m is s ib le  te m p e ra tu re  
r i s e .  IH e c u r r e n t  d e n s i t y  s p e c i f i e d  a t  th e  d e s ig n  
s ta g e  d ep en d s on  th e  m ethod o f  c o o l in g  t o  b e  em ployed  
and th e  r e l a t i v e  im p o rta n c e  o f  e f f i c i e n c y  and pow er  
d e n s i t y  i n  th e  p a r t i c u l a r  a p p l i c a t i o n .
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DESIGN OPTIMISATION
The fu n d a m e n ta l r e l a t i o n s h i p s  o f  d i s c  m o to r  d e s ig n
a r e
P a r3 (1)
r  = r  ( 2 )2 i
w h ere  P i s  th e  o u tp u t  p o w e r, and  r j  ,  r 2  a r e ,  
r e s p e c t i v e l y ,  th e  i n n e r  and  o u t e r  a c t i v e  r a d i i  o f  th e
d i s c 1 23 .
E q uatio n  ( 1 )  h a s  a  c o n s t a n t  o f  p r o p o r t i o n a l i t y  w h ich  
depends on p a ra m e te rs  su ch  a s  m agn et m a t e r i a l ,  w in d ir g  
c o n n e c t io n ,  e t c .  and  i t  i s  p o s s i b l e  t o  d e te rm in e  th e  
optimum v a lu e  o f  r 2  f o r  a  g i v e n  m o to r  s p e e d ,  p o w e r,  
v o lt a g e  ana m a g n e tic  m a t e r i a l .  E q u a tio n  ( 2 )  m ust be  
s a t i s f i e d  i n  o r d e r  t o  a c h ie v e  th e  maximum p o w er o u tp u t  
f o r  a g iv e n  m ach ine  d ia m e te r .
A com puter a id e d  d e s ig n  p r o c e d u r e  h a s  b e e n  d e v e lo p e d  
t o  g e n e r a te  d e s ig n  d a t a  and p r e d i c t e d  p e r fo rm a n c e  
c h a r a c t e r i s t i c s .  I n  t h e  f i r s t  s t a g e  o f  t h e  d e s ig n  
p ro c e d u re  th e  p rog ram  p ro d u c e s  a  s e r i e s  o f  a l t e r n a t i v e  
d e s ig n s  f o r  a  s p e c i f i e d  p o w e r, v o l t a g e  and  s p e e d , and  
h i g h l i g h t s  th e  tw o u n iq u e  d e s ig n s  w h ich  g i v e  optimum  
e f f i c i e n c y  and  optimum p o w er d e n s ity * 4. The seco n d  
s ta g e  o f  th e  p ro c e d u re  p r o v id e s  th e  f a c i l i t y  f o r  ' f i n e -  
tu n in g ' th e  d e s ig n  p a ra m e te rs  t o  m ee t th e  p a r t i c u l a r  
re q u ire m e n ts  o f  th e  a p p l i c a t i o n .
T*IN ARMATURE MOTCR
To i l l u s t r a t e  th e  r e s u l t s  w h ic h  c an  b e  a c h ie v e d  from  
a p p l i c a t i o n  o f  th e  a b o ve  c o n c e p ts  arid d e s ig n  
p h i lo s p h ie s  a  9 6  V , 1 0  kW, U 000 re v / m in  m o to r  i s  
d e s c r ib e d .  I n  f a c t  a  tw in - a r m a tu r e  v e r s i o n 5  r a t e d  a t  
2 0  kW h as  b e e n  d e v e lo p e d  f o r  th e  d r i v e  o f  a n  e x p e r i ­
m en ta l h y b r id  s p o r t s  car*. T h is  m a ch in e  ( F ig .  2 )  com­
p r i s e s  a  conmon m a g n e tic  c i r c u i t  w h ich  h o u s e s  tw o d i s c  
a r m a tu r e s ,  e a c h  a rm a tu re  in d e p e n d e n t ly  d r i v i n g  an  
o u tp u t s h a f t  w h ic h  t r a n s m i t s  p o w er t o  a  r o a d  w h ee l 
th ro u g h  b e l t - r e d u c t i o n  g e a r i n g ,  th e re b y  e l i m i n a t i n g  
th e  need f o r  a  m e c h a n ic a l d i f f e r e n t i a l  g e a r .  S i g n i f i ­
c a n t s a v in g s  i n  w e ig h t  and  c o s t  r e s u l t  fro m  a d o p tin g  
th e  t w i n - r o t o r  a rra n g e m e n t r a t h e r  th a n  tw o  i n d i v i d u a l  
m o to rs .
S in c e  th e  m a ch in e  h a s  a  c o n s t a n t  m a g n e t ic  f i e l d  ( a t  a  
g iv e n  m agnet te m p e r a tu re )  th e  s p e e d - v o l t a g e  and 
to r q u e - c u r r e n t  c h a r a c t e r i s t i c s  a r e  l i n e a r .  Owing t o  
th e  la r g e  num ber o f  p o le s  ( 8 ) ,  and  th e  h ig h  mmf o f  th e  
m a g n ets , i t  i s  fo u n d  t h a t  a rm a tu re  r e a c t i o n  h a s  a  
n e g l ig i b le  e f f e c t  o n  th e  w o rk in g  m a g n e t ic  f i e l d .  T h e re  
i s  no m e a s u ra b le  s h i f t i r g  o f  th e  n e u t r a l  a x i s ,  th u s  
a l lo w in g  th e  b ru s h e s  t o  h a v e  a  u n iq u e  p o s i t i o n  f o r
d i f f e r e n t  lo a d s  in c lu d in g  r e v e r s i n g  and r e g e n e r a t io n .  
T h is  p r o p e r t y  c o u p le d  w i th  low  a r m a tu r e  in d u c ta n c e  
l e a d s  t o  v e r y  good  c o m n u ta t io n .
F ig .  3 s h o w s  t e s t  r e s u l t s  on  th e  m o to r  a t  th e  r a te d  
v o l t a g e  o f  9 6  V to g e t h e r  w i th  e f f i c i e n c y  c u r v e s  f o r  
o t h e r  o p e r a t i n g  v o l t a g e s .  I t  i s  c l e a r  t h a t  th e  
m ach ine  a c h i e v e s  h ig h  e f f i c i e n c y  o v e r  a  w id e  ra n g e  o f  
o p e r a t in g  c o n d i t io n s  and  s h o u ld  show  good e n e rg y  
econom y i n  e l e c t r i c  v e h i c l e  a p p l i c a t i o n s .  The e x p e r i ­
m e n ta l r e s u l t s  w e re  o b ta in e d  on  a  s i n g l e - d i s c ,  s e l f -  
v e n t i l a t e d  v e r s i o n  o f  th e  m ach in e  and  i n  v ie w  o f  th e  
m od est te m p e r a tu r e s  a t t a i n e d  on  t e s t  i t  i s  c o n c lu d e d  
t h a t  i t  m ig h t  b e  p o s s i b l e  t o  a c h i e v e  a  f u r t h e r  
i n c r e a s e  i n  e f f i c i e n c y  b y  re d u c in g  th e  a i r  f lo w  and  
h en ce  t h e  r e s u l t i n g  w in d a g e  l o s s e s .
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DESIGN AND PERFORMANCE OF IO kW DISC MOTOR FOR ELECTRIC VEHICLE DRIVES
M.R.N■ All and A.E. Corbett, University of Warwick, Coventry, U.K.
INTRODUCTION
Owing to the limitation on range and performance imposed by today's 
lead acid batteries it is vital that the drive system components in 
electric and hybrid vehicles be designed for higli efficiency. Even 
with present day batteries it is possible to build vehicles with 
acceptable range and performance if high efficiency can be achieved in 
the energy conversion process between battery and road wheels. To 
this end research at Warwick University has been directed towards •
developing high efficiency disc motors for traction applications1. 
Recently the disc machine has been applied to a hybrid car in which a 
twin armature motor provides tractive power while a single armature 
version of the same machine is employed as an engine-driven generator.
The disc motor, in addition to meeting the essential traction require­
ments of peak torque capability, high efficiency and high power 
density offers additional merits as compared to conventional traction 
motors. The short axial length and high power-to-volume ratio 
facilitate the design of compact traction systems. Reliability is 
high owing to the absence of a wound field and brush life is longer 
owing to the excellent commutation which results from low armature 
inductance. :
CONSTRUCTION AND DESIGN OF DISC MOTOR
In the disc motor the working flax is produced by a multipolar system 
of permanent magnets. The magnets have a sector shaped pole face, 
being cut from an annular ring of the material. The magnet length 
depends on the type of permanent magnet material used and the airgap 
length. The poles are magnetised in alternative sequence and backed 
by a mild steel ring of the same ratio and sufficient thickness to 
provide a magnetic path to adjacent magnets without saturation. The 
part of the magnetic circuit which borders the other side of the 
airgap can be completed either by a second set of poles or a steel 
ring only. This configuration lends itself well to high pole number 
designs, and the heavy steel of conventional machines is replaced by 
thin-section steel flux return rings and u light alloy fra».- which 
gives appreciable increase to the power density of the machine.
The armature has a coreless, disc-shaped winding, the pre-formed wire- 
wound coils of which form two flat layers of active conductor having 
different lengths and levels to allow the individual coils to be 
nested together. The coils are connected to the commutator in the 
usual armature patterns (lap, wave etc.) and the complete assembly is 
then either encapsulated in plastic material using a steel mould or is 
wrapped with heat-curing glass-fibre tapes and dipped in varnish to 
give a "skeleton** construction. There is no iron in the armature and 
consequently no associated eddy current and hysteresis losses, and as 
the magnetic flux is provided by permanent magnet material there is no 
requirement for field-winding power and no associated heating. 
Eliminating stator losses and armature iron losses naturally leads to • 
a relatively high efficiency machine.
CHOICE OF MAGNETIC MATERIAL
A wide range of magnetic material is suitable for use in the motors, 
ranging from sintered ferrite to rare earth-cobalt. Given that the 
airgap of the disc motor is quite large because it embraces the 
thickness of the armature disc as well as the necessary running
clearance on either side, magnetic material of high coercivity is 
needed, especially in traction applications in which high torque (and 
high armature currents) can result in high demagnetising fields. The j 
ferrites exhibit high coercivity and owing to their low cost are well , 
suited to the application in spite of their low remanence. The use of; 
high remanence magnets enables motors of slightly higher efficiency toi 
be designed, but, owing to the relatively low coercivity of these 
materials the amount of magnetic material is large when an air-gap of 
considerable span is needed. Fig 1 shows demagnetisation curves of 
three magnetic materials which are commonly considered. Design 
studies2 have shown that if the selection of magnetic material is
Fig. It Demagnetisation curves of some permanent magnet materials
I
based on obtaining maximum power density for the machine then samarium 
cobalt should be specified whereas to achieve the highest flux denisty 
in the airgap alnico should be selected. The main drawback of both 
samarium and alnico materials is that their costs are prohibitively 
high for many commercial applications. In contrast, the cost of 
ferrite materials is low enough to make it viable in spite of its low , 
remanence and energy density.
For economic use of magnetic material it is general practice to work [ 
the material near to the point on the demagnetisation curve which
gives (BH) Max, but in the case of ferrites it is beneficial in terms 
of overall cost effectiveness to work the material at higher values of 
flux density owing to the low cost and low density of the material. j 
In this way acceptable air gap flux densities can be achieved without i 
incurring excessive weight and cost penalties. However, since the flux 
density is still low in comparison with electromagnetically excited 
machines, a high copper content in the armature must be specified to 
compensate. For this reason ferrite magnets have been listed in the 
specifications of the disc armature motor because the cost saving they 
represent is more significant than the small loss of efficiency of the, 
motor.
One way of reducing the airgap in the magnetic circuit ia to Introduce 
iron powder in the epoxy resin which forms the armature encapsulant3. ,
Unfortunately, this produces eddy-current and hysteresis losses and 
rotor-stator magnetic attraction, and consequently it is not usually 
specified.
i
PERFORMANCE AND CHARACTERISTICS OF THE MOTOR
Since the machine has a constant magnetic Field (at a given magnet 
temperature) the speed-voltage and torque-current characteristics are 
linear. Owing to the large number of poles (8) and the high mmf of 
the magnets it is found that armature reaction has a negligible effect 
on the working magnetic field. There is no measurable shifting of the 
neutral axis, thus allowing the brushes to have a unique position for , 
different loads including reversing and regeneration. This property 
coupled with low armature inductance leads to very good commutation. i
Fig. 2 shows test results on a 10 kW, 4000 rev/min motor at the rated 
voltage of 96V together with efficiency curves tor otner operating 
voltages. It is clear that the machine achieves high efficiency over 
a wide range of operating conditions and should show good energy 
economy in typical traction duty cycles. The experimental results 
shown were obtained on a single-disc, self-ventilated “skeleton" 
version of the machine and in view of the modest temperatures attained ' 
on test it is concluded that it might be possible to achieve a further 
increase in efficiency by reducing the airflow and hence the resulting 
windage losses. ,
TWIN ARMATURE MOTOR FOR HYBRID CAR i
Results of recent projects" on electric and hybrid vehicles clearly 
demonstrate the high penalty to be paid in power losses when using 
conventional transmissions, including 4-speed gearboxes, which have 
been primarily designed for i.c. engined vehicles. To avoid such a 
penalty, a twin armature disc motor with differential action has been 
developed for the drive of an experimental hybrid sports car5. This 
machine (Fig. 3 and Fig. 4) comprises a common magnetic circuit which 
houses two disc armatures, each armature mechanically driving an 
independent output shaft which transmits power to a road wheel through 
belt-reduction gearing, thereby eliminating the need for a mechanical 
differential gear. The twin armature motor and belt reduction gears 
have been carefully designed to fit within the limited span between 
the two road wheels in the space usually occupied by the differential | 
rear axle drive. Significant savings in weight and cost result from 
adopting the twin rotor arrangement rather than two individual motors, 
and furthermore the absence of the differential gearbox cancels the 
associated mechanical losses and weight which has a positive effect on 
the overall efficiency and weight of the hybrid vehicle. The twin 
armature motor offers a simple and reliable traction system which needs 
less service and maintenance which, in turn, reduces the running cost. 
In addition to the twin armature disc motor, the vehicle is fitted | 
with an on-board engine-generator set to provide the average power 
requirement while the batteries are specified to provide excess - i
motive power and to store surplus generated (included regenerative)
Current (A)
Fig. 2> Test results of 10 kW disc motor showing performance
characteristics at 96V and efficiency at other voltages. 
(Note: The rating of the loading machine limits the maximum
torque of the disc motor on test to a figure slightly less than 
the full-load value).
power. The vehicle is a series hybrid and the most suitable appli­
cation is in frequent stop/start driving, such as city driving, or the 
duty cycle of delivery vehicles. A schematic diagram of the vehicle 
system is shown in Fig. S, It consists of batteries, controller, twin
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disc motor, disc generator-diesel engine, belt reduction gears and the 
road wheels. The engine is a twin-cylinder diesel unit suitably sized 
to meet the vehicle's average power requirement. The d.c. generator 
is identical mechanically to the single disc armature motor and the ' 
same components are used in its manufacture. The only significant 
difference is the design of the armature winding which is tailored to j 
match the engine and battery characteristics. Owing to the short 
axial length of the disc generator it can be mounted on the engine as , 
an overhung load thereby obviating the need for an elaborate bedplate 
and coupling arrangement. The disc armature adds to the flywheel 
effect of the engine. The end frame comprising the brushgear neatly 
closes the bell-shaped housing. Furthermore the disc generator is 
capable of acting as a  starting motor for the engine, with direct 
drive. Indeed, the disc machine is capable of developing more than | 
sufficient power to turn the engine from cold for sustained cranking. . 
The generator output can be controlled electronically which requires , 
semi-conductors of high power rating. Alternatively, it may be 
possible to achieve satisfactory regulation by speed control of the 
engine or even by varying the airgap mechanically (and hence the flux).
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